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One consequence of the reference-count-based space-re- 
covery system employed by SLIP is that reentrant list structures 
are not recovered even when explicitly erased. LISP-like 
garbage-collection schemes are free of this impediment. They, 
however, depend on being able to find and mark nodes that 
are reachable from program variables. By tracing all descend- 
ants of such nodes and marking them as well, all cells not 
reachable from program variables may then be identified 
and collected. The list-creating function LIST of SLIP may be 
amended to mark those lists for which the programmer wishes 
to assume responsibility. Given this modification, a LISP-like 
garbage collector that recovers abandoned reentrant list 
structures may then be appended to the SLIP system. 
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The mechanism tha t  administers the fetching of cells 
from and their restoration to the list of available space in 
SLIP suffers from the defect tha t  self-referential list struc- 
tures cannot be automatically garbage collected. I t  will be 
recalled tha t  in SLIP every list has a list header which 
contMns, among other data, a reference counter. This 
counter tallies the number  of times a list appears as a sub- 
list of some list. Lists can be created with a reference 
count of 1 or 0, depending on whether the programmer 
wishes to take responsibility for erasing the newly-created 
list or has created it in order to subsequently make it a 
sublist of some list. The function 

LIST (K) (1) 

creates an empty  list and assigns to the variable K the 
name, i.e. pointer to the header, of the newly-created 
empty  list. K is then called an alias of tha t  list. The 
programmer is said to "know" lists created with simul- 
taneous name assignment to an alias. Headers of such 
lists are given an initial reference count of 1. The call 

LIST (9) (2) 

creates an empty  list and leaves its internal name as its 

value. The header of such a list has an initial reference 
count of 0. 

The function 

ERASEL (K) (3) 

should be applied only to aliases of known lists. I t s  func- 
tion is to decrement the reference count of the list com- 
municated to it and, if the count reaches 0, to erase the 
list. The  erasure itself amounts to restoring the body of 
the list to available space in b u l k - - a n  easy task, since the 
header contains pointers to both  the top and bot tom of 
the l i s t - -and finally returning the header cell itself to 
available space as a single cell. (The  erasure of description 
lists of lists is also simple but  will not be discussed here.) 

The  function NUCELL has the responsibility of fetch- 
ing cells from the top of the available space list one at  a 
t ime as required. I t  inspects each cell it is about  to deliver. 
I f  tha t  cell contains a list name, i.e. if it was most recently 
a sublist node of a list tha t  has been emptied, then the 
list there named is subjected to the ERASEL procedure. 
I f  NUCELL finds tha t  there are no more cells to be had, 
it reports tha t  fact and terminates execution of the pro- 
gram. 

An advantage of the SLIP list erasure scheme is tha t  
it operates incrementally in response to actual space 
requirements. Unless the entire list of available space 
has been gone through at  least once, very little t ime is 
taken for space recovery. Also, lists are collected in bulk, 
so to speak, as opposed to cell by  cell. The t ime required 
to collect a list is thus independent of its length. 

To see the difficulty arising from self-referential list 
structures, consider the following example: 

NEWTOP (A, LIST (A)) (4) 
ERA SEL (A) 

When A is created, its header is given a reference count 
of 1 because it is being created as a known list. When 
next A becomes a sublist of some list, in this case itself, 
its reference count is increased by  1. The  count is 2 by 
the t ime the ERASEL function is exercised. T h a t  func- 
tion reduced the count to 1 and, seeing tha t  it is not 0, 
does nothing further, i.e. does not actually erase the list. 
The  space taken by  the list A is therefore lost to the 
system. (The  reader may wish to convince himself tha t  
calling ERASEL (A) again would only result in chaos! 
Besides, the programmer  shouldn' t  have to know tha t  
he got himself into such a condition.) More complex 
self-referential loops are, for present purposes, equivalent 
to the above. 
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The  solut ion to the  problem here i l lustrated depends 
on  the system knowing which lists are accessible f rom 
program variables, or are sublists of such lists, and  which 
have survived ent i rely because they  are self-referential 
s tructures.  The  first step is to amend  the list creat ion 
funct ion L I S T  such tha t  when  i t  creates a known  list 
i t  marks  the  header  of tha t  list as "reachable ."  (This  
mark  could be the sign b i t  of the  first word of the  header 
pair.) The  funct ion  E R A S E L  is t hen  modified such that ,  
unless called by  N U C E L L ,  i t  removes the reachable 
mark  from the header  of the list i t  is called upon  to erase, 
as well as count ing  down its reference counter  and  erasing 
if necessary. Final ly ,  N U C E L L  is modified such tha t  i t  
doesn ' t  give up when  the  list of available space is exhausted 
bu t  calls the Boolean func t ion  G A R B A G E C O L L E C T .  
If  this funct ion  delivers t r u e  as its value, t hen  i t  recovered 
some space and  N U C E L L  can go on. Otherwise, N U C E L L  
mus t  report  failure. 

The  func t ion  G A R B A G E C O L L E C T  (freestart, length) 
is shown below wr i t ten  in  ALGOL. freestart is the machine  
address of the  first cell of the vector  t ha t  was made  into 
the  list of available space (by  I N I T A S ) ,  and  length 
is the length  of t ha t  vector. Au tomat i c  ALGOL recursion 
is assumed. The  general idea is t ha t  one pass identifies 
and  marks  as "seen"  all headers t h a t  are reachable either 
direct ly from program variables, i.e. those t h a t  are "reach- 
able ,"  or by  t racing such reachable lists. I n  a second pass 
i t  empties all lists t h a t  have no t  been "seen"  and  whose 
reference counters  are greater  t h a n  1. The  assumpt ion  
is t ha t  such lists have, in  fact, been abandoned  b u t  re ta in  
a nonzero reference count  because they  are reen t ran t .  
The  headers of such lists need not  be restored by  G A R -  
B A G E C O L L E C T ,  since their  machine  addresses appear  
as list names  somewhere on  the s t ructures  being emptied.  
Such headers will therefore subsequent ly  be collected by  
the opera t ion of N U C E L L .  

T h e  G a r b a g e  C o l l e c t i o n  A l g o r i t h m  

boolean procedure garbagecollect(freestart, length) ; 
integer freestart, length; 
begin  boolean signal; integer  i, poinler; 
c o m m e n t  This procedure uses the following SLIP library func- 

tions (in the remainder of this commentary "pointer" is as- 
sumed to be a cell containing the machine address of the first 
word of a SLIP cell pair) : 

(l) rmarked(pointer) is a Boolean function. Its value is true 
if and only if the cell pointed to by pointer is a header marked as 
"reachable." 

(2) seen(pointer) is a Boolean function similar to rmarked. 
Its value is t rue  if and only if the cell pointed to by pointer has 
been reached in the course of a tracing pass. 

(3) unmark(pointer) is a procedure that removes the "seen" 
mark from the header to which pointer points. 

(4) emptylist, leftlink, and header are the old SLIP functions 
MTLIST,  LNKL,  and N A M T S T ,  respectively, except that the 
function "header," unlike N A M T S T ,  simply checks the ID of 
the cell pointed to. The function referencecounter(pointer) as- 
sumes pointer is pointing to a list header and retrieves its refer- 
ence count. I t  is identical to the standard SLIP function LCNTR.  

The parameter freestart communicated to this function is the 
machine address of the first cell of the vector that forms the list 

of available space, length is the length of that vector. The value 
of this function is t r ue  if space has been recovered; otherwise, 
it is false; 

procedure trace(list) ; 
begin  integer  sequencer, flag, word, dlist; 
c o m m e n t  This procedure marks the header of the list given it as 

an argument with the seen mark and then proceeds to trace 
through the entire list structure headed by that header. I t  re- 
cursively applies itself to every sublist (including description 
lists) so encountered; 2 ~_2-'_: ~ - - - 

comment  This procedure uses the standard SLiP library func- 
tions 

(1) seqrdr(list), and 
(2) seqlr(sequencer, flag), as well as the new functions 
(3) markseen(list), which assumes list to be an alias for a list 

and causes a seen mark to be put on its header; 
(4) seen(list), described above; and 
(5) dlname(list), which is the standard SLIP function that re- 

trieves the name of a description list of a list. Its value is 0 if the 
relevant list has no description list; 
markseen (list) ; 
dlist := dlname (list) ; 
i f  dlist ~ 0 A ~ seen(dlist) then  trace(dlist); 
sequencer := seqrdr(list) ; 

read: word := seqlr(sequencer: flag); 
c o m m e n t  The value of flag will be less than 0 if the word se- 

quenced to is an atom, equal to 0 if it is a list name, i.e. the name 
of a sublist of list, and greater than 0 if the end of the list being 
sequenced has been reached; 
if  flag = 0 A -1 seen(word) t hen  trace (word); 
i f  flag ~ 0 t hen  go to read 

end 
signal := false; 
for i := 0 step 2 u n t i l  i = length do 

c o m m e n t  In this first pass through the freelist vector, all 
headers that have been rmarked, i.e. that are reachable from 
program variables, as well as all list headers that are reachable 
through such headers, are marked as seen; 
begin 

pointer := freestart ~ i; 
i f  rmarked(pointer)/\ -1 seen(pointer) then  trace(pointer) 

end 
for i := 0 step 2 u n t i l  i = length do 

c o m m e n t  In this second pass through the freelist vector, all 
headers that are marked seen have that mark removed and all 
other headers have the lists they head emptied; 
begin 

pointer := freestart -~ i; 
if  seen(pointer) t h e n  unmark(pointer) else 
begin  

i f  header (pointer) A ref erencecounter (pointer) ~ 0 then  
begin 

emptylist (pointer) ; 
signal := true 

end 
end 

end 
garbagecollect := signal 

end 

D i s c u s s i o n  

The  T R A C E  rout ine  shown here depends on recursion 
in  the host  language.  A SLIP l is t- t racing rout ine  requir ing 
no pushdown store can, however,  be wr i t t en  by  using the 
space allocated to the B O T T O M  pointers  in  list headers for 
t empora ry  storage dur ing  the scanning operation.  

The  advan tage  of the scheme here presented is t ha t  i t  
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preserves the incremental and bulk garbage-collection 
mechanism of the original SLIP system. GARBAGECOL- 
LECT is called only in an emergency, and then it does re- 
cover self-referential list structures. The scheme can be 
installed in a SLip system without disturbing the compiler 
of the language in which SLIP is embedded. 

Knuth states [1, p. 420] that " . . .  some systems employ 
both the reference counter and garbage collection schemes, 
besides allowing the programmer to explicitly erase nodes." 
The mechanism presented here is precisely such a scheme 
for SLIP. Knuth then goes on to say, "This idea is of de- 
batable merit, in view of the inefficiency of garbage collec- 
tion when memory is nearly packed, and since so few 
programs come close to filling memory without exceeding 
the limits shortly thereafter." Clearly, what has to be 
balanced here is the storage required for the garbage-collec- 
tion algorithm itself against the number of SLTP cells likely 

to be recovered in a given invocation. If, for example, the 
space required for the algorithm is n words, then the re- 
covery of n/2 SLiP cells is obviously not worthwhile. But 
if, at least in SLIP, reentrant list structures continue to be 
lost to the system, then such losses become cumulative and 
will eventually cause termination of a program that might 
otherwise have run to completion. This writer is the author 
of a SLiP program that would prove entirely infeasible were 
it not that reentrant list structures are made recoverable. 
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ment as part of the formation of the effective address. 
However no carry is permitted into higher bit positions 
of the effective address. Thus for example a three quarter 
page block could be allocated within a page frame, starting 
in the last quarter of the frame. 

Thus the basic difference between this technique and 
the method incorporated in the partitioned segmenting 
scheme is that, at the expense of a somewhat more com- 
plicated method of allocating and relocating storage, the 
possibility of a lengthy carry propagation during the 
formation of an effective address is avoided in the CDC 
3300. 

Conclus ions  

The above study has attempted to differentiate between 
the effects on system performance caused by the way a 
program and its data are structured and the actions of the 
dynamic storage allocation system which is used during 
program execution. Some evidence, obtained from simula- 
tion experiments, has been given of the undesirability of 
rounding up segment sizes to an integral number of page 
sizes in an attempt to remove storage fragmentation. 
Finally, descriptions are given of segment allocation and 
addressing mechanisms for a system of partitioned seg- 
menting, whose investigation was prompted by this experi- 
mental evidence. 
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