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ABSTRACT 
The 168/E la a SLAC developed n ic rnprocessor which 

emulates the IBM 360/370 computers with an execution 
speed of about one half of a IBM 370/168. These p ro 
ces so r s a r e used in p a r a l l e l for the t r ack f inding and 
fcametry programs of the LASS spec t rometer . The sys t ea 

s con t ro l l ed by a PDP-11 minicomputer v ia a t h r ee por t 
i n t e r f a c e which we c a l l the Bermuda T r i a n g l e . The tape 
handling and downloading 19 con t ro l l ed by one of SLAC a 
IBM computers v i a a SUtC b u i l t i n t e r f a c e between the 
PDP-11 and an IBM channel . I n i t i a l l y , t he r e w i l i be a 
system of 6 168/E's which should be ab le to give s i* . , 
times the production capaci ty than can be a t t a i n e d by 
running production jobs on the SLAC Tr ip lex system. 
The cost of the system. Including cue channel i n t e r 
face , i s $120,000 and yet i t y i e l d s the equiva len t com
pu te r rower of 3 IBM 370/168 6. Hence, t h i s system i a 
an uxtremel ' ' c o s t - e f f e c t i v e method f&r o f f - l i n e da t a 

Cn_recent y e a r s . we have seen the cons t ruc t ion of 
ra.-wv la rge spectrometers a t High Energy Physics l abora 
t o r i e s . These spectrometers a r e capable of taking da ta 
a t such a r a t e that the amount of ccaput log time r e 
quired for the data ana ly s i s has become a major p rob
lem. At SLAC, for example, an experiment on the l a r g e 
Aperture Solenoid Spectrometer (LASS) has c o l l e c t e d 50 
mi l l ion t r i g g e r s on tape , with about 4D mi l l i on good 
e v e n t s . An average of 0 .5 sec of 370/168 CPU time l a 
required for each good event to read the raw d a t a , do 
the h.-islr event r econs t ruc t i on , and output the r e s u l t s 
for ejeh successful event . The software program for 
these spectrometers genera l ly t akes many man-years to 
develop on a l a rge computer s y s t e a , and i s of ten 
changed as I t i s b e t t e r understood. I t I s there fore 
not e a s i l y removed from the l a r g e computer on which i t 
was developed. 

The goal of t h i s o ro jec t haa been to add to the com-
; u t e r cen te r inexpensive hardware tha t can execute 

d e n t i r a l l y the same program and get the same r e s u l t s 
a s the l a r g e computer. This l t d t o the development of 
t h e 168/E microprocessor [1,2). I t emulates those 
IBM 370 I n s t r u c t i o n s t h a t a re generated by IBH s FOR
TRAN compiler and i t s speed in about one half of an IBH 
370/163. u e a re a t t a ch ing 6 of them to one of the cen
t r a l IBM computers. This hardware l a s u f f i c i e n t l y pow
e r f u l tha t the elapsed time to do a l l the event recon
s t r u c t i o n fo r an experiment can be shortened by many 
y e a r s . 

GENERAL FEATURES OF PROCESSOR 

The 168/E c o n s i s t s of an i n t e g e r CPU, a f l o a t i n g 
po in t p rocessor , memory, and an I n t e r f a c e . They a r e 
a l l b u i l t on boards measuring about 12 by 16 Inches , 
which a r e I d e n t i c a l to those used by DEC in t h e i r VAX 
•computers. 

I n t ege r CPU 
The in tege r CPU c i r c u i t i s based on the 2901, which 

i a a LSI b i t s l i c e microprocessor chip introduced by 
Advanced Micro Devices l a the summer of !975. This 
board handles the following types of IBH 36(1/370 i n 
s t r u c t i o n s : 16 b i t I n t e g e r . 32 b i t i n t e g e r , 32 b i t 
l o g i c a l , a l l cond i t i ona l branching, and a l l memory ad
d r e s s i n g . I t has a 150 usee cycle t ime. The through-

!ut on FORTRAN programs hat been measured to be between 
. 3 to 1.8 t imes slower than a 370/168. The only no

t i c e a b l y slow I n s t r u c t i o n when compared to the 370/168 
i s m u l t i p l i c a t i o n . A prototype wire-wrapped proceaaor 
has been funct ioning s ince the sucmer of 1977. The f i 
na l board w i l l be an 8 l aye r p r in ted c i r c u i t board sod 
i t c o s t s 5600 complete with components and labor for 
assembly. 

m 
Float ing Point 

The f l o a t i n g point processor c o n s i s t s of two c i r c u i t 
boards , I t i a e n t i r e l y H5I l o g i c but uses the "new" 
HS1 c i r c u i t s which have be introduced to support the 
LSI components. The processor handles a l l IBM 360/370 
s i n g l e p r e c i s i o n f l o a t i n g po in t i n s t r u c t i o n s with ex
a c t l y the same r e s u l t s , b i t f c r b i t , aa the 370/168. 
But s ince the s i n g l e p r e c i s i o n format of I!?M con ta in s 
only a *4 b i t man t i s sa , aome form of extended p r e c i s i o n 
i s required to do the LASS product ion code. For exam
p l e , when c a l c u l a t i n g vh*re two h e l i c a l t r a j e c t o r i e s 
r e p r e s e n t i n g the path of charged p a r t i c l e s In the LASS 
magnet i n t e r s e c t , we r equ i r e a p r ec i s ion b e t t e r thai: 
the r e s o l u t i o n of the d e t e c c u r s . This I s not pos s ib l e 
with the IBM s i n g l e p rec i s ion format when the r a d i i of 
curva ture a re l a r g e . I t has been found "xper lmenta i iy 
t h a t about A note b i t s a re required in the roandssa in 
do the c a l c u l a t i o n with s u f f i c i e n t p r e c i s i o n . On the 
360/370, one d e c l a r e s the important v a r i a b l e s double 
p rec i s ion which adds 32 a d d i t i o n a l b i t s to the man
t i s s a . On tha 168/E, we have made a compromise between 
t rue emulation and c i r c u i t cos t an<i complexity. The 
f l o a t i n g point processor has pseudo-double p r e c i s i o n 
i n s t r u c t i o n s which add 16 b i t s to the man t i s sa . Thus 
cne processor can do e i t h e r 32 b i t or 48 b i t f l o a t i n g 
point a r i t h m e t i c . The cycle time of the processor i s 
e i t h e r 100 or 150 nsec deoending on the i n s t r u c t i o n . 
I t opera tea with an i n t e r n a l Read-Only-Memory (ROM) to 
cont ro l the s t e p s in a f l o a t i n g point o p e r a t i o n . The 
performance of the processor i s about a f a c t o r of two 
slower than the 370/168. Again, only m u l t i p l i c a t i o n i s 
a no t i ceab ly alow i n s t r u c t i o n when compared t o t h e 
370/168. The c i r c u i t boards a r e 8 l aye r p r in ted c i r 
c u i t boards . The cobt of the f l o a t i n g po in t p rocessor 
i s $1200 complete with coapobents and l a b o r . 

The memory fo r the 168/E i s in two p a r t s , one t o r 
the program and the o ther for the d a t a . Both a r e basad 
on the I n t e l 2147 (ternary I .E . The I n t e l 2147 has be
come the i n d u s t r i a l s tandard c i r c u i t a l though only In
t e l has lairge production exper ience now. Several o ther 
companies havt J u s t announced they a r e a l s o producing 
i t . Th i s c i r c u i t c s n t a i n s 4,096 words by 1 b i t with a 
70 nsec access and cycle t l iae . I t has a unique i e a t u r e 
in tha t when the memory i« not being addressed, i t pow
e r s down to i / 5 of i t s norsa l (."peracing c u r r e n t . Titus 
a processor with 8 memory boards draws only as much rawer as one memory board p_us 7/5 of one memory bo.ird. 

ince each memory board draws about iS w a t t s , cons ide r 
a b l e power i s saved in the system, end cons iderab ly 
l e s s heat l a generated which i s a major fac tor in l . c i 
component f a i l u r e . The cu r r en t l i s t p r i c e i s about $25 
each in l a rge q u a n t i t i e s . The memory board I s a 4 
layer p r in ted c i r c u i t board with one h a i l con ta in ing 32 
memory c i r c u i t s for da ta and the o the r half con ta in ing 
24 memory c i r c u i t s fo r program. That I s , one memory 
board conta ins exac t ly 16 K by tes of da ta and 4096 mi
c r o i n s t r u c t i o n s which i s about 8 K bytes of IBK objec t 
code or about 500 l i n e s of FORTRAN. The cost of the 
board i s $1600, i . e . about $50/K byte for da ta and 
575/K byte for program. By comparison, minicomputer 
add- in memory i s commercially a v a i l a b l e t o r about $30/K 
b y t e . The h igher co s t of trie memory fo r the 168/E i s 
because the memory must be f a s t enough to respond 
within a processor cycle t i n e . 
I n t e r f a c e 

The 168/E i s not c a p a b l e , a s c u r r e n t l y des igned , of 
doing any input or output i n s t r u c t i o n s . I t can only 
address i t s memory. The i n t e r f a c e al lows a r e a l com
puter to load the memories with program and raw da t a 
and to read the processed r a s u i t a . The In t e r f ace I s 
very s imple . E i ther the processor or the i n t e r f a c e 
con t ro l s the memory and never both s imul taneously . The 
i n t e r f a e e c o n t r o l l o g i c can shut o f i the processor so 
tha t I t r a l easea the memory bus se s . Then the i n t e r f ace 
can take the b u r i e s , read or wr i t e to the memory, and 
s t a r t the p roces so r . 

* Work supported by the Department of Energy under con t rac t number DE-AC03-76SF00515. 
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OBJECT CODE TRANSLATOR AND LINKER 
The 168/E m i c r o p r o c e s s o r does no t e x e c u t e IBM 

360/370 I n s t r u c t i o n s d i r e c t i y . I n s t e a d , a program 
r a i l e d the " t r a n s l a t o r ' c o n v e r t s IBM i n s t r u c t i o n s I n t o 
IG8/E m i c r o i n s t r u c t i o n s . The inpu t t o the t r a n s l a t o r 
In e i t h e r o b j e c t code from the IBM FORTRAN compi le r or 
a L ink-Edi ted load moduie. The o u t p u t s a r c a r e l o c a t a 
b l e m i c r o i n s t r u c t i o n o b j e c t code and a d a t a s u t t o r the 
168/E d a t a memory. Host IBM i n s t r u c t i o n s t r a n s l a t e 
In to 1 t o 3 m i c r o i n s t r u c t i o n s . We c a l i t h i s program a 
t r a n s l a t o r because i t does not make any fundamental 
rliniipo in the o r i g i n a l code . I f a c e r t a i n r e g i s t e r i s 
used in the IBM i n s t r u c t i o n , t hen the same r e g i s t e r i s 
iiauri in the m i c r o i n s t r u c t i o n . In memory f e t c h e s , t h e 
d i s p l a c e m e n t f i e l d and the index and base r e g i s t e r s of 
t h e IBM i n s t r u c t i o n w i l l be I d e n t i c a l in the m i c r o i n 
s t r u c t i o n . Even the 4 b i t mask in c o n d i t i o n a l branch 
i n s t r u c t i o n s i s the s.;me in the m i c r o i n s t r u c t i o n and 
the o r i g i n a l IBM i n s t r u c t i o n . The d a t a s e t l o r the 
168/E d a t a memory i s a copy of t h e c o n s t a n t s and v a r i a 
b l e s j h i c h a r e p a r t of t h e o r i g i n a l IHM c o d e . 

Another prog ran, we c a l l the " l i n k e r " d o t s two j o b s . 
F i r s t , i t does the job of the 1HM L i n k a g e - E d i t o r by 
r e a d i n g the r e l o c a t a b l e m i c r o i n s t r u c t i o n o b j e c t modules 
and l i n k i n g them t o g e t h e r . Second, I t forms an a b s o 
l u t e memory image which can be loaded i n t o the L68/E 
memories . That i s , I t g i v e s an a b s o l u t e a d d r e s s to a i l 
the COMMON b locks and a i s o the l o c a l memory s p a c e . I t 
r e s o l v e s e x t e r n a l r e f e r e n c e s from a l i b r a r y of o b j e c t 
modules where , f o r example , t h e FORTRAN L i b r a r y Func
t i o n s have been t r a n s l a t e d and s t o r e d . Unl ike i t s IBM 
c o u s i n , the l i n k e r has an o p t i o n a l Inpu t wi th which t h e 
u se r can a s s i g n the a d d r e s s of t h e COMMON b l o c k s . Th i s 
f e a t u r e i s used to make the d a t a memory o v e r l a y s which 
a r e d e s c r i b e d l a t e r . 

CAN A MICROPROCESSOR DO TJIE_ BIG JOB? 

Having b e i l t a t ve ry inw c o s t a m i c r o p r o c e s s o r t h a t 
con he programmed In FUKTKAN and has a ^peed which I s 
no wori:e ttian twice as slow a s a 370/16(1, i s a f i n e 
ach ievemen t . Hut due t o t h e d e s i g n c h o i c e s t h a t have 
been mode, i t i s s t i i i f a i r t o ask t h e q u e s t i o n : can i t 
do the r e a l niraber c runch ing j o b t h a t we have wi th the 
LASS p r o d u c t i o n code? 

F i r s t of a l l , t o be u s e f u l i t must do a s i g n i f i c a n t 
f r a c t i o n of the t ime consumlr- p a r t of t h e j o b . With 
t h e LASS p r o d u c t i o n c o d e , w e l l over h a l f of t h e CPU 
t ime i s spen t l a the sobro i" ' * 3. which f i n d s t r a c k s In 
t h e so l eno id d e t e c t o r s . Thus i 168/E must he a b l e to 
execu t e t h i s s u b r o u t i n e and . . 1 the s u b r o u t i n e s i t 
c a l l s t o be a u se fu l p r o c e s s o r T h i s p a r t of t h e p r o 
gram i s s l i g h t l y over 32 K b y t e s of e x e c u t a b l e code and 
i t t r a n s l a t e s to ,i i i t t i e ovor 16 K m i c r o i n s t r u c t i o n s 
which i s 5 168/E memory bu .ud5 f i l l e d on the program 
s i d e . In a d d i t i o n , t h i s p a r t of the pro~ra.ii r e q u i r e s 
about 90 K b y t e s of space l o r v a r i a b l e s in COMMON and 
l o c a l to the program which i s 6 I68/E memory boards 
f i l l e d on the da t a s i d e . The l^8/E can thus handle 
t h i s p a r t of the program from the p o i n t of view of t h e 
apnunt of space i t r e q u i r e s . 

The nex t q u e s t i o n i s whether the s u b s e t of 360/370 
i n s t r u c t i o n s t h a t the 168/E can emula te I s s u f f i c i e n t . 
In t h i s p a r t of the code , we found the two types of 
FORTRAN s t a t e m e n t s which l ead t o IBM i n s t r u c t i o n s t h a t 
can not be emulated by t h e p r o c e s s o r . These s t a t e m e n t s 
a r e the computed GO TO s t a t e m e n t ( f o r e x a n p l e : 
GO TO ( 1 0 , 2 0 ) . N| and s t a t e m e n t s us ing one b y t e l o g i c a l 
v a r i a b l e s . I t t u r n s o u t , however, t h a t t h e i r e l i m i n a 
t i o n i s a good Idea anyway. The computed CO TO s t a t e 
ment i s i e s s e f f i c i e n t in t ime than a s e r i e s of IF 
s t a t e m e n t s for a sma l l number of j i o s s i b i e branch ad
d r e s s e s and use of the one b y t e v a r i a b l e s i s d e f i n i t e l y 
l e s s e f f i c i e n t in Cl'U t ime than s e t t i n g f l a g s in a 
16 b i t i n t e g e r v a r i a b l e . 

Thus , t h e 16S/E p r o c e s s o r couid be used t o t ake the 
[cost t ime consuming p a r t of the p r o d u c t i o n code away 
from the c e n t r a l computer . However, the e v e n t by even t 
i n p u t to t i l l s p a r t of the code i s ve ry l a r g e ; much 
l a r g e r than the o r i g i n a l raw inpu t tape d a t a . Th i s I s 
b e c a u s e the- f i r s t p a r t of the code unpacks the raw i n 
t e g e r ii.ita .such a s wi re numbers, w i d t h s , e t c . , i n t o 
banks of f l o a t i n g p o i n t c o o r d i n a t e s a p p r o p r i a t e l y 
s c a l e d , a l i g n e d , and c o r r e c t e d . The ou tpu t from the 
t ime consuming- r o u t i n e s i s a i s o much l a r g e r than the 
f i n a l r e s u l t r e c o r d , because t h i s p a r t of the code gen
e r a t e s la r&e banks of i n t e r m e d i a t e d a t a which they pass 
on t o s u b s e q u e n t r o u t i n e s . In o r d e r to avoid send ing 

i n t o t h e p r o c e s s o r ' s memory. Once o v e r l a y s were 
n e c e s s a r y , i t was easy t o extend t h i s t e c h n i q u e to th.i" 
code which i s execu ted a f t e r t h e t ime consuming p a r t 
I n c l u d i n g t h e f o r m a t t i n g of t h e r e s u l t t ape r ecord 
The c h o i c e was t o do o v e r l a y s o r i n c r e a s e memory s i z e . 
S ince memory I s t h e most e x p e n s i v e component of the 
168/E, and o v e r l a y t ime would be o n l y 10% of the e x e c 
u t e t i m e , we chose to do o v e r l a y s . The n e t r e s u l t was 
t h e d e c i s i o n t o e x e c u t e a i l of t h e p r o d u c t i o n program 
In t h e 168/E from raw i n p u t da t a t ape t o f i n a l r e s u l t 
d a t a t a p e . 

DEFINING THE OVERLAY STRUCTURE 

To d e f i n e an o v e r l a y s t r u c t u r e fo r a program t a k e s 
knowledge of t h e p rog ram ' s s t r u c t u r e and f l aw . The 

-— ' - " - - H 8 / E " o v e r l a y s fo r the 
way 

7E were de f ined in the fo l l owing 

1. E ch o v e r l a y should be c a l l e d only once per even t 
t o p r e v e n t Losing r e a l t ime in doing t h e o v e r l a y . 

2 . The s i z e of the o v e r l a y i s de te rmined by t h e l a r g 
e s t p i e c e of code which s a t i s f i e s t h e above r e 
s t r i c t i o n a f t e r one* has t r i e d t o b r e a k t h e code uo 
i n t o the s m a l l e s t p i e c e s . In t h e c a s e of t h e LASii 
p r o d u c t i o n c o d e , t h e s o l e n o i d t r a c k f i n d i n g men
t i o n e d above i 3 the l a r g e s t o v e r l a y . 

3 . Thp number of o v e r l a y s i s de te rmined by f i t t i n g the 
r e s t of t h e code i n t o p i e c e s whose s i z e i s d e t e r 
mined by t h e c r i t e r i a above . 

Def in ing the o v e r l a y s fo r t h e LASS p r o d u c t i o n code 
was r e l a t i v e l y s i m p l e , s i n c e t h e code p roceeds from un
pack ing to r e s u l t f o r m a t t i n g s e r i a l l y in s e v e r a l l o g i 
c a l l y s e p a r a t e p a r t s . The o v e r l a y s fo r LASS p r o d 
u c t i o n code a r e a s f o l l o w s : 

1. Unpacking raw c o o r d i n a t e s i n t o c o r r e c t e d f i c a t i n g 
p o i n t b a n k s . 

2. Count ing the number of match p o i n t s ( o r s p a r e 
p o i n t s ) in o r d e r to k i l l the even t i f t h e r e a r e too 
many, and f i n d i n g bean t r a c k s . 

3 . F ind ing t r a c k s i n the downstream s p e c t r o m e t e r and 
fo l lowing the se t r a c k s th rough t h e d l p o l e t o the 
r e g i o n between the d i p o l e and the s o l e n o i d . 

6. Fol lowing the se downstream t r a c k s th rough t h e s o l e 
noid up to the t a r g e t . 

5 . F ind ing t r a c k s in the s o l e n o i d s t a r t i n g wi th p o i n t s 
i n t h e p l a n e and c y l i n d r i c a l chambers . 

6. F i t t i n g a l l t r a c k s found to a 5 pa rame te r n e l i x . 

7 . Following the t r a c k s found in t h e s o l e n o i d down
s t ream to the Cerenkov and T l r a e - o f - f i l g h t c o u n t e r s . 

8 . Doing the v e r t e x r e c o n s t r u c t i o n on n i l found t r a c k s 
i n c l u d i n g the beam t r a c k . 

With each o v e r l a y , the e x e c u t a b l e code i s t r a n s l a t e d 
and saved a s a 168/K progr jm o v e r l a y . Unl ike o v e r l a y s 
on most r e a l compute r s , s u b r o u t i n e s which appear in 
more than one o v e r l a y sucli cm SIN, COS, SljRT, e t c . , , .ce 
alrapiy d u p l i c a t e d . When an o v e r l a y i s executed on t!u; 
168/E, a i l of the p r o c e s s o r ' s program reemury w i l l be 
o v e r w r i t t e n . The t r a n s l a t i o n a i s o c r e a t e s .1 d a t a ::et 
which c o n t a i n s a l l the c o n s t a n t and v a r i a b l e d a t a whi-h 
was i n t e r n a l to the s u b r o u t i n e s . ile c a i i t h i s tne 
' L o c a l Memory and i t nay be dofLnoi a s a i l rhc d.it.i 
s p a r e a program u s e s which i s nut in a COMMOh u i o c k . 
The xocai memory a l s o needs t o he loaded In to tl.e 16b/S 
d a t a memory when thy program memory i s loaded wi th -:n 
o v e r l a y . For the 1.ASS p r o d u c t i o n c o d e , t h e i ucu l inni-
ory i s t y p i c a l l y 102 of the d a t a memory rei iuin-d by an 
o v e r l a y . 

With the o v e r l a y s d e s c r i b e d above , the I68/E ran 
handle programs much l a r g e r than can f i t i n t o I t s ,m-it-
ory a t one t i m e . S t i l l Larger programs cau he h. indlid 
by f u r t h e r o v e r l a y i n g the r-Mnaining d a t a memory w!u-li 
c o n t a i n s t h e p rog ram ' s COMMON h l j c k s . [n o rde i to <iu 
t h i s , a d d i t i o n a l knowledge of t h e p n g r a a i s needed . 
One would l i k e to know e x a c t l y in which o v e r l a y s a COM
MON i s needed , in which o v e r l a y s d j t a I s s t o r e d i n t o 
the COMMON and in which o v e r l a y s da t a i s fe tched frop on t o s u b s e q u e n t r o u t i n e s . In o r d e r to avoid send ing the COMMON and in which o v e r l a y s da t a i s fe tched frop 

jarp.u amounts of d a t a from the hos t computer to the the COMMON. If fo r example a COMMON b lock i s used only 
p r o c e s s o r and back a g a i n , i t was a l s o dec ided to run in o v e r l a y s 3 , 4 and 5 ; then t h i s p h y s i c a l d a t a space 
t h e unpack ing codes on the 168/E. But w i th t h i s a d d i - can be used t a r o t h e r COMMON'S which a r e only used in t h e unpack ing L-uutra uu m u i u o i t . uui wiLii i i n a s i i u i -
t i o n a l c o d e , t h e amount of 168/E memory r e q u i r e d would 
be v e r y l a r g e . The s o l u t i o n to t h i s p rob iea i s t h e 
same a s w i th a i l computers when the code i s l c r y e r than 
t h e c o m p u t e r ' s ueciory; one must o v e r l a y the program 

e r l i y s 6 , 7, and 8 . 

A method has been developed ft s tudy t h e whole p r o 
ran in t i l l s l e v e l of d e t a i l £3] , Uhen each s u b r o u t i a 
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Is rofcniied and object code loaded into a load Module 
libr.iry, a data set la created which contains a sunraary 
of the COMMON biock usage. We call this data set an 
'Index Fiie' and It contains one line for each variable 
referenced In each COMMON biock. The line contains the 
na-ic of the subroutine, name of the COMMON block, the 
variable name, its offset from the start of the COMMON 
block, its length, and the length of the COMMON. It 
also contains the Store, Fetch, and other flags gener
ated by the FOKTKAN compiler. Collecting these indi
vidual data sets into one master index file now com-
gietciy details the use of every variable in every 
OMMON block for the entire program. The master fiie 
is easily updated, at the time a subroutine is updated 
into the load moduie library, since only the entries of 
the n>aster fiie pertaining to that subroutine are 
changed. This master Index file, along with a fiie 
which states which subroutines are to be used in each 
of the overlays, can then be used as the data base for 
programs which analyze the COMMON biock structure of 
the program. 

It was quickly realized that COMMON blocks could be 
put into one of three categories; 
1. Constant. These are COMMON blocks in which ail the 

variables never change in the course of processing 
an event. They may be initialized in the first 
phase of the production program by BLOCK DATA 
statements, reading disk files, and/or by calcula
tion in subroutines called once per job. 

2. Variable. These are COMMON blocks in which ail the 

3. Mixed. These are COMMON blocks which contain both 
constants and variables in the sense defined above. 
Since constant COMMONS never change their contents, 

they can be easily written into the I68/E data memory 
as required for a particular overlay. In a sense, 
they are logically similar to the local memory of the 
subroutines which is rewritten into 'data memory as re— Suired. We have chosen to do this even for constant 
OMMONs which are used in more than one overlay. Ex-
£«;pt for the large banks of constant COMMONS used in 
the unpacking overlay and the large constant COMMONS 
containing the nBgnetic fieid map, the total size of 
the constant COMMONS is less than the local memory. 

The contents of the variable COMMON blocks is cre
ated by the 168/E in the course of processing an event. 
For practical reasons once a biock has been created it 
remains in the 168/E data memory for as many overlays 
as it is needed, then it may be overwritten by other 
COMMON blocks, either constant or variable, in succeed
ing overlays. 

Mixed COMMON blocks could be handled in another way, but for simplicity they were eliminated, i.e. the constants and variables were moved into other or new COMMON blocks which were either pure constint or pure variable. For the LASS production code, less than 10% of all COMMONS were 'mixed* when the code waa ficit studied in this manner. 

OVERLAY NUMBER 
5 

Y///////////////////////////^^^ 

F i g u r e I ; Itata Henory Over lay Load I 



With the was ter Index aa a da t a b a t e , aoftware toola 
have been developed to genera te da ta Memory load nap* 
for a l l the o v e n a y a . An example I s given In f i gu re 1. 
The l e f t hand v e r t i c a l s ca l e l a da ta menory loca t ion 
expressed In b y t e s , and the n ine columns ace the n ine 
o v e r l a y s . Note t h a t ont f i r s t loada the l o c a l memoiy 
(LMOL through LH09) Into the low addresses of the pro
c e s s o r , then the cons tan t COMMON*. The boxes t h a t a r e 
l a rge enough have t h e i r COMMON block none wr i t t en In 
then , while groups of smaller COKHONs a r e designated by 
"C ' s . The unpacking over lay , number I , has a l a r g e 
number of cons tan t COMMONS and the magnet f i e l d maps 
have two l a r g e COMMONS labeled QMESH and DIPART in ov
e r l ay number 3 . Banks of coord ina tes generated in ov
e r l ay 1 a re s tored in COMMONS DYNA and WIDTHS; they a r e 
used by a l l the following o v e r l a y s . Other COMMONS such 
as PTBANK a r e generated a t a l a t e r ove r l ay , then saved 
u n t i l the end of process ing the even t . 

The net e f f e c t of the da t a Memory over laying i s a 
s u b s t a n t i a l saving In memory required by the 168/E p ro 
ce s so r . Since memory i s the most expensive p a r t of the 
p rocessor , enough money i s saved to add more processors 
to the s y s t e n . If a l l the COMMONS were loaded i n to the 
memory a t one t ime, i t would r equ i r e over 250 K bytes 
of da ta mc-iory; but with the over laying only 90 K by te s 
i s r equ i r ed . On the program s i d e , i f a l l the code was 
leaded i n to the program memory a t one time i t would r e 
qu i r e over 120 K mic ro ins t ruc t ion words, while with the 
over lays l e s s than 20 K micro i n s t r u c t i o n s a r e needed. 
One pays the c o s t , however: the processor i s i d l e du r 
ing the t r ans fe r of the data and program in to i t s mem
ory , for the LASS product ion code, we have laeasuied 
t h a t the t o t a l time spent over laying i s 90 msec per 
e v e n t . This i s l e s s than 102 of the average event ex 
ecu t ion time on the processor which i s over 1 second 
per event . Thus, we fee l the over laying technique l a a 
good compromise for our production code and In the f o l 
lowing s ec t i ons we w i l l de sc r ibe the scheme for imple-

BERMUDA TRIANGLE SYSTEM 
The Bermuda Tr iangle system, shown in f i gu re 2 , 1B 

our method of over laying the loB/E memory. The Bermuda 
Tr iangle i s a th ree way In t e r f ace with 1/0 p o r t a to a 
l a rge buffer memory, a PDP-11 UNIBUS, and a bus to the 
1687E p roces so r s . Data may be t r ans f e r r ed b i d i r e c t l o n -
n l i y between any two p o r t s . Two Bermuda Tr i ang le s a r e 
used, one for the program memory and one for the da t a 
memory. 

The Ei rs t por t of the Bermuda Tr iang le i s to the 
buffer memories. The program buffer memory, with 129 K 
words by 24 b i t s , i s l a rge enough to hold a s i n g l e copy 
ot a i l the program to be executed. The da ta buffer 
memory, with 65 K words by 32 b i t s (256 K b y t e s ) , l a 
l a r g e enough to hold a l l the l oca l memory and copies of 
che constant COMMON b locks . The da ta buffer memory 
a l so buf fers evenIs on input and r e s u l t s on ou tpu t . 
llu; rccmary used i s slower but much l e s s expensive than 
the 168/E memory. The memories a r e Implemented with 
general purpose memory cards purchased from Hostek Mem
ory Systems. Their MKH00O memory card o f fe r s up ca 
lib * wards of 24 b i t s . The program memory i s thus a 
s i n g l e ca rd , while the da ta memory i s two cards depopu
l a t e d ta 64 K words of 16 b i t s . The cycle time i s 500 
n««c with an access time of 375 nsec . He have used the 
bnr.kplane and c h a s s i s t h a t Hostek p rov ides for 
l'DP-11/70 add-on memory. The s igna l t r a c e s on the 
backplane were cut se rosa the middle so t h a t both the 
prueram and da ta memories could plug in to the same 
backplane and c h a s s i s . 

The second port of the Tr iang le i s the buB to the 
p r o c e s s o r s . I t i s a 50 l i n e f i a t cable with TTL T r i -
S t a t e d r i v e r s and r e c e i v e r s . The t r ans fe r uses a pro
toco l which i s e s s e n t i a l l y i d e n t i c a l to the one being 
developed by the FASTBUS committee [4 ] , A 24 b i t ad
d r e s s f i e l d and 32 b i t da ta f i e ld a re used. They a ra 
t i n e mul t ip lexed on a s e t of 32 bus l i n e s . The 4 most 
s i g n i f i c a n t b i t s of the address f i e ld a re decoded to 
s e l e c t one processor with the remaining b i t s s e l e c t i n g 
t h e i n t e r n a l addresses of the processor s memory. Thus 
the bus a l lows d i r e c t access to any l o c a t i o n within any 
p r o c e s s o r . The r a t e of t r a n s f e r on th in bus i s one 
word In 700 n s e c . thus the t r ans fe r r a t e on the da t a 
s i d e 1» nea r ly 6 H bytes per second and on the program 
s i d e i t i s e q u i v a l e n t to near ly 3 M bytes per second of 
IBM ob jec t code . 

The t h i r d pore of the Tr i ang le i s a PDP-11 UNIBUS. 
A PUP-1t/04 wi th 40 K by te s of memory i s ussd as tha 
c o n t r o l computer fo r tha system. This por t has 6 con
t r o l r e g i s t e r s t o a l low tha POP-11 t o c o n t r o l the da t a 
flow between the t h r e e p o r t a . Care has been taken tha t 
d i f f e r e n t sof tware t a s k s in the computer have d i f f e r e n t 
r e g i s t e r s t h a t they c o n t r o l , thus making the software 
tanks e a s i e r t o w r i t e . 
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Figure 2: The Bermuda Tr iang le System 
The buffer memories a r e loaded from the UNIBUS. An 

8 K byte po r t i on of the buffer memory appears a s an 8 K 
byte por t ion of UNIBUS add re s s . Both these "windows" 
have the same UNIBUS a d d r e s s , but only one i s enabled 
a t a time by a b i t i n t h e i r page r e g i s t e r . Each Tri . in-
f l e has a 15 b i t page r e g i s t e r which i s sh i f ted l e f t S 

i t s and added to the o f f s e t from the s t a r t of the UNI
BUS window to determine the buffer memory a d d r e s s . 
Thus, from the UNIBUS one can access up to 8 M bytes of 
memory in 8 K by te pages, where the pages can be 
al igned on any m u l t i p l e of 256 b y t e s . 

The processors a r e normally loaded from the buffer 
memory. From the UNIBUS p o r t , the PDP-11 loads an ad
d re s s r e g i s t e r for the buffer memory, an address r e g i s 
t e r for the processor bus , and a word count r e g i s t e r . 
When the word count r e g i s t e r i s loaded the Bermuda T r i 
angle t r a n s f e r s the da ta u n t i l the word count i s ex
haus ted . I t then causes an i n t e r r u p t on the UNIBUS 
p o r t . The r e s u l t s from the processor a r e normally 
loaded i n to the buffer memory in the same fashion. A 
b i t In the Tr iang le s con t ro l s t a t u s r e g i s t e r c o n t r o l s 
the d i r e c t i o n of t r a n s f e r . 

The PDP-11 g e t s access to the con t ro l r e g i s t e r s of 
the 166/E processor by a 1 word window of the Bermuda 
Tr i ang le from the UNIBUS po r t to the processor bus . In 
t h i s case the processor bus address i s taken from the 
same address r e g i s t e r mentioned above. The double use 
of t h i s address r e g i s t e r i s not a problem because one 
never a t tempts to gain access to the c o n t r o l r e g i s t e r s 
of the processor while t r a n s f e r r i n g d a t a t o or from i t . 
One can a l so gain access, t o the processor c o n t r o l r eg 
i s t e r s v i a e i t h e r the program or data Bermuda T r i a n g l e . 

CHANNEL INTERFACE 
With the 168/E ' • and the Bermuda T r i a n g l e , the 

PDP-11 only seeds a source for the raw da t a and a aink 
for tha r e s u l t s . For t h i s purpose , we dealgned an In
t e r f a c e between the UNIBUS and an I/O Channel of the 
IBM. 360/370 computer. Data I s t r a n s f e r r e d between the 
360/370 and the PDP-11 UNIBUS a t f u l l channel speeds 
(1 .2 HB/see) with the minimum aoftware overhead on the 
IBM system. We hsve measured the CPU overhead on the 
360/91 t o be only 3.8 msec per even t . 1BH c a l l s such a 
device a "Control Uni t " , and i t looks l i ke a tape d r i v e 



o r a d i s k t o t h e IBM compute r . T h i s means t h a t 
o r d i n a r y b a t c h J o b s can t r a n s f e r d a t a to and from t h e 
Bermuda T r i a n g l e sys t em. The FORTRAN programmer g e t a 
a c c e s s t o the system by a s i m p l e FORTRAN c a l l a b l e s u b 
r o u t i n e . 

Thus t h e IBM 360/37(1 r e a d s t h e raw d a t a from t a p e , 
s e n d s i t t o t h e PDP-11 t o be p roces sed by t h e 168/E -
Bermuda T r i a n g l e sy s t em, r e c e i v e s t h e r e s u l t s and 
w r i t e s t h e o u t p u t t a p e . The IBM sys tem w i t h i t s 24 
hour s t a f f h a n d l e s a i l t h e j o b s c h e d u l i n g , t a p e mount
i n g , e t c . P r o d u c t i o n j o b s w l l i be submi t t ed t o t h e 
sys tem a s I s done now, ana each Job w i l l f i r s t i n i t i a l 
i z e the PDP-11 and b u f f e r memories . 

To s y n c h r o n i z e the PDP-11 and 370 s o f t w a r e , t h e 370 
a lways a t t e m p t s a read from the PDP-11 b e f o r e a w r i t e . 
When t h e IBM computer r e a d s r e s u l t s from t h e PDP-11, i t 
o b v i o u s l y f r e e s a b u f f e r In the PDP-11 s y s t e m , t h u s a 
w r i t e can t hen a lways be d o n e . For normal even t t r a n s 
f e r s , t h e c o n t r o l u n i t t r a n s f e r s d i r e c t l y t o o r from 
t h e d a t a b u f f e r memory th rough t h e 8 K b y t e UNIBUS win
dow of t h e Bernuda T r i a n g l e , w i t h t h e PDP-11 s e t t i n g up 
the a p p r o p r i a t e a d d r e s s and page r e g i s t e r s . If t h e IBM 
computer a t t e m p t s a read when no d a t a i s ready in t h e 
168/E sys t em, t h e c o n t r o l u n i t sends back a BUSY r e 
s p o n s e . When t h i s s i g n a l i s r e c e i v e d , t h e IBM c h a n n e l 
s impiy queues t h e read command w i t h o u t c a u s i n g an i n 
t e r r u p t to the CPU. When the d a t a becomes r eady f o r 
t r a n s f e r , t h e PDP-11 l o a d s the word coun t r e g i s t e r in 
t h e c o n t r o l u n i t , and i t sends a r e q u e s t f o r s e r v i c e to 
t h e IBM c h a n n e l . T h i s r e q u e s t s i g n a l wakes up t h e 
c h a n n e l and t h e t r a n s f e r i s s t a r t e d . T h i s i s s t a n d a r d 
o p e r a t i n g p rocedu re fo r d e v i c e s on a IBM 360/370 chan 
n e l . The whole d a t a t r a n s f e r p r o c e d u r e I s handled by 
t h e IBM c h a n n e l . The IBM CPU i s f r e e t o work on o t h e r 
j o b s from the t ime i t i s s u e s the S t a r t I/O i n s t r u c t i o n 
u n t i l i t r e c e i v e s an i n t e r r u p t t h a t t h e t r a n s f e r l a 
c o m p l e t e . 

PDP-11 SOFTWARE 

The PDP-11/0* computer has t h e j o b of c o n t r o l l i n g 
t h e 168/E o - c i l a y s , t h e t r a n s f e r of even t da t a to and 
from the 16U/E, and t h e t r a n s f e r of d a t a to and from 
t h e c o n t r o l u n i t . The Job Xs d i v i d e d i n t o a number uf 
s o f t w a r e t a s k s , c o r r e s p o n d i n g t o t h e n o n - s h a r e a b l e 
ha rdware r e s o u r c e s . There i s a t a s k fo r each p r o c e s 
s o r , a t a s k f o r t h e c h a n n e l i n t e r f a c e , and a t a s k f o r 
each of t h e p r o c e s s o r b u s s e s . As was ment ioned e a r 
l i e r , t h e Bermuda T r i a n g l e was des igned so t h a t t h e 
ha rdware r e s o u r c e s could e a s i l y be a s s i g n e d to s p e c i f i c 
s o f t w a r e t a s k s . We have chosen a s n a i l m u l t i - t a s k i n g 
e x e c u t i v e c a l l e d SPEX [5] which a l l o w s a i l t h e t a s k s t o 
be r e s i d e n t in memory and hence no d i s k i s r e q u i r e d on 
t h e PDP-11. I t has been used a s t h e d a t a a c q u i s i t i o n 
sys tem in s e v e r a l e x p e r i m e n t s a t FcrmiLab, Brookhaven, 
and CERN. 

Each of t h e s e t a s k s i s " d r i v e n " by a queue of work 
t o d o . The channe l i n t e r f a c e t a s k s r e c e i v e s raw even t 
d a t a and queues i t t o t h e p r o c e s s o r work queue . When a 
p r o c e s s o r becomes a v a i l a b l e . I t s t a s k w i l l t a k e an 
e v e n t from the work queue , s u p e r v i s e i t s t r a n s f e r t o 
t h e p r o c e s s o r , i t s e x e c u t i o n through the v a r i o u s o v e r 
l a y s , and the t r a n s f e r of the r e s u l t s back i n t o t h e 
b u f f e r memory. The p r o c e s s o r t a s k w i l l then queue the 
r e s u l t b u f f e r to the channe l I n t e r f a c e work queue and 
s t a r t working on a n o t h e r even t from the p r o c e s s o r work 
q u e u e . Meanwhile, the channe l i n t e r f a c e t a s k i n i t i a t e s 
t h e t r a n s f e r of r e s u l t s from t h e b u f f e r memory t o t h e 
IBM c h a n n e l . I t then i n i t i a t e s a t r a n s f e r of a new 
e v e n t from the IBM channe l tn the bu f f e r memory and 
queues i t to t h e p r o c e s s o r work queue . The p r o c e s s i n g 
c y c l e i s s t a r t e d by a t a s k which s u p e r v i s e s t h e i n i t i a l 
t r a n s f e r of t h e o v e r l a y s and c o n s t a n t COMMON b l o c k s 
i n t o t h e b u f f e r memory. I t a l s o f i l l s t h e remainder of 
t h e d a t a b u f f e r memory wi th a s many e v e n t s a s i t c a n . 
The i n d i v i d u a l p r o c e s s o r t a s k s w l l i a synch ronous ly want 
t o send e v e n t s and o v e r l a y s t o the p r o c e s s o r s over the 
two p r o c e s s o r b u s s e s . S ince the b u s s e s can on iy p e r 
form one o p e r a t i o n a t a t i m e , t h e p r o c e s s o r t a s k s queue 
t h e i r r e q u e s t s t o t h e i n d i v i d u a l t a s k s which a r e a s 
s i gned to the b u s s e s . The e x e c u t i v e , SPEX, h a n d l e s a l l 
queuing and s y n c h r o n i z a t i o n of t h e t a s k s . 

The PDP-11 i t s e l f id loaded v i a t h e c h a n n e l . The 
IBM computer can send a hardware "Boot" command to the 
PDP-11 so t h a t each j a b an t h e IBM computer c o m p l e t e l y 
r e - i n i t i a l i z e s t h e whole sys tem. The PDP s o f t w a r e i s 
w r i t t e n u s i n g a c r o s s - a s s e m b l e r which i s run on t h e IBM 
c o m p u t e r s , t h u s t h e r e i s no need f o r any permanent 
s t o r a g e d e v i c e s on t h e PDP-11 such a s d i s k s , t a p e s , 
e t c . T h i s a b s e n c e of any p e r i p h e r a l s , o t h e r than a 
t e r m i n a l , shou ld h e l p make the system very r e l i a b l e and 
r e d u c e m a i n t e n a n c e . The D.E.C. program, 0DT-11, i s 
loaded i n t o the PDP-11 w i t h the e x e c u t i v e and a s s o c i 
a t e d t a s k s t o a id in debugg ing . The comple te s o f t w a r e 
f o r 10 p r o c e s s o r s r e q u i r e s 20 K byees of PDP-11 memory. 
About 700 micro-aceonda of PDP-11 CPU t ime I s needed 
p e r o v e r l a y * 

SUMMARY 

In October 1979 t h i s system came i n t o o p e r a t i o n wi th 
one p r o c e s s o r . I t e x e c u t e s a l l of t h e LASS p r o d u c t i o n 
program wi th e s s e n t i a l l y t h e same r e s u l t s a s an IBM 370 
compu te r . T h a t i s , i d e n t i c a l l y t h e same p o i n t s a r e 
found on a i l t r a c k s In eve ry e v e n t ; o n i y t h e f i t t e d h e 
l i x p a r a m e t e r s showed some d i f f e r e n c e s . Small d i f f e r 
e n c e s were expec ted s i n c e the f i t t i n g of t r a c k s t o h e l 
i c e s i n t h e s o l e n o i d i a done e n t i r e l y In IBM d o u b l e 
f r e e i s J o n . However, t h e d i f f e r e n c e s we s e e a r e in the 

e a s t s i g n i f i c a n t hexadec imal d i g i t i n t h e f i t t e d t r a r k 
p a r a m e t e r s excep t t o r 22 of the t r a c k s which a r e ve ry 
p o o r l y d e f i n e d . 

We f e e l t h e impor tance of e m u l a t i o n can no t be o v e r 
emphas ized . The LASS p r o d u c t i o n code i s n e a r l y 20 ,000 
i i n e s of FORTRAN. I t would be e x t r e m e l y t ime consumlne 
to have r e - w r i t t e n t h i s code in assembly l anouaee no 
l e s s m i c r o c o d e . Before one could have f i n i s h e d such a 
p r o j e c t the FORTRAN s o u r c e would have undoubted ly b e n 
changed . With e m u l a t i o n no t o n l y d o e s n ' t t h e code ne td 
t o be changed bu t a l s o v e r i f i c a t i o n of t h e p r o c e s s o r 
i s e a s i l y accompl ished by comparing i t s r e s u l t s on a 
s e t of e v e n t s w i th t h e r e s u i t s from t h e s a n e e v e n t s run 
on the,IBM computer . Even the s m a l l e s t e r r o r in the 
system s hardware i s d e t e c t a b l e . For example , when we 
f i r s t t r i e d t o run t h e LASS code on t h e system on iy 
t h r e e e r r o r s were made. Only one of t h e e r r o r s i ed to 
r e s u l t s which were o b v i o u s l y wrong. The e f f e c t of the 
o t h e r two e r r o r s was on iy t h a t a few e x t r a r e a s o n a b l e 
l ook ing p o i n t s were added to some of t h e d e t e c t o r ' s c o 
o r d i n a t e b a n k s . The cause of one of t h e e r r o r s was 
f o r g e t t i n g to load one of t h e c o n s t a n t COMMON b l o c k s . 
The c a u s e of t h e o t h e r e r r o r was a bad I . e . which on ly 
had an e f f e c t when f l o a t i n g p o i n t r e g i s t e r 6 was u s e d . 
Another I m p o r t a n t advan tage i s having on ly one copy of 
t h e s o u r c e code which i s used bo th f o r the IBM computer 
and the 168/E p r o c e s s o r . In f a c t , t h e inpu t t o the 
t r a n s l a t o r i s t h e l i n k - e d i t e d load a o d u i e s wh'ich a r e 
used t o run t h e progran on the IBM compute r . When the 
p r o d u c t i o n program i s m o d i f i e d , i t i s r e l a t i v e l y e a s y 
t o produce a new microprogram for t h e p r o c e s s o r . One 
j u s t g e n e r a t e s new memory n a p s fo r t h e o v e r l a y s and 
then r e - t r a n s l a t e s the IBM load modules . 

We a r e now p r e p a r i n g to run many t housands of e v e n t s 
on the system and on the IBM compute r . T h i s w i l l check 
f o r p a t h o l o g i c a l e v e n t s t o a l e v e l of one In t en t h o u 
sand o r b e t t e r . We a r e a l s o p r e p a r i n g a d d i t i o n a l L68/E 
p r o c e s s o r s and expec t ta have 6 p r o c e s s o r s on the s y s 
tem by t h e end of 1979. Me w i l l t hus be a b l e to s t a r t 
a n a l y z i n g our 50 m i l l i o n e v e n t s wi th a sys tem n e a r l y 
e q u i v a l e n t t o 3 d e d i c a t e d IBM 3 7 0 / 1 6 8 ' a runn ing 24 
h o u r s a d a y . 
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