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Memory Management

1. Goal: CPU gainsrelated to scheduling require that many processes be in memory; so, memory must be shared.
The selection of which memory management algorithm(s) to use depends especially on the hardware available.
2. How Programs Interact With Memory
a. compile, assemble, link, load
b. absolute (physical) addresses
c. bare machine, resident monitor, fence addresses, and fence registers
3. Relocation
binding program addresses to absolute addresses
transient monitor code
monitor and user stacks grow towards each other
dynamic relocation
swapping: swap device (backing store), swapped processes, effect of swap time on switching contexts
optimizations: swapping part of the job, speeding up the backing store's performance, overlap with process
execution
g. when you can and cannot swap
4. Simple Memory Management Schemes
a multiple partitions
b. boundsregisters
c. baseand limit registers
5. Fixed Regions (MFT)
a. job scheduling
b. memory alocation
c. rollin-roll out
6. Variable Regions(MVT)
a. dlocation schemes:. best fit, worst fit, first fit, next fit, buddy
b. job scheduling
c. internal vs. external fragmentation
d
e
f.

T Qo0 oW

compaction
swapping
reducing external fragmentation
7. Paging
a.  page numbers and offsets, page frames
b. job scheduling effects
C. page tableimplementation
8. Optimizations
a. cache, hitratio
b. effective memory accesstime
c. sharing, protection, illegal address handling
9. Viewsof Memory
a. program vs. operating system
b. addresstrandation
c. global frametable
10. Segmentation
a.  segments. segment name, offset, segment table
b. implementation: registersvs. table
c. sharing, protection, fragmentation
11. Combining Segmentation and Paging
a.  segmented paging (segment the page table)
b. paged segmentation (page the segments)
12. What IsVirtual Memory
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13.

14.

15.

16.

17.

executing processes not completely in memory
overlays

demand paging, page faults, pure demand paging
performance issues

page replacement and victims and dirty bits

age replacement algorithms

firstinfirst out

optimal

least recently used

i. stack algorithms, inclusion property, used (reference) bit
clock

second chance

least and most frequently used

not used recently

POoPT OO DD

S@ oo

Ad Hoc Techniques for Improving Performance

a. framepool

Page Allocation Algorithms

a reserve some free frames

b. useall beforereplacing

c. minimum number of pages per process

d. global vs. local alocation

e. equal, proportional allocation

Working Set Policies

a. thrashing, principle of locality

b. working set model: working set, window size, working set principle
c. approximations: WSCLOCK, Working Set Size, Page Fault Frequency
Other Considerations for Paging

prepaging

I/O interlock

choosing page size

program restructuring

data structures and paging

arrangement of routines when loading

S0 QoO0 o
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The Stages of Compilation

I ntroduction

This describes the basic stages of compilation in avery non-traditional way ...

From Mateo. Burtch@ng. Sun. COM ( Room 101)
Subj ect: YADFH (Yet Another D*** Friday Hack)

H . This isn't exactly a hack, and thus probably doesn't deserve to be called
a "Friday Hack," but SOOO0O nmany people have been coming up to me in the
shower, saying, Please, tell us the secrets of how the conpilation process
works, that | finally decided to share with you the old famly recipe for

THE STAGES OF COWPI LATI ON

SOURCE FILE: This is the basic "code" that the engineer wites. The conpiler
wi |l take code such as

dweebl e(fl ab, krinjaw)
sneet flab *(**sm cknat[]) (bl ugnut);
bl ook kri mj aw,

{
bl ark snapdaddl e |i ederhosen
if (fleb <= OAK TREE)
whil e (trousers(liederhosen))
t hud;
el se
brick(fl ab);
}

and turn it into output that neans, roughly, "point the hose away fromyoursel f
whil e watering."

Qoviously, the conpiler is a lot smarter than we are.

PREPROCESSOR: The preprocessor takes all sorts of special directives, like
#i fdefs, and converts theminto conditional statenents (known as "#ifdefs")
that the conpiler uses to prepare the file (or "#ifdef") for processing. (This
is atechnical sinmplification that is in nost, if not all, aspects wong.)

The preprocessor also strips the source file of coments (not to be confused
with #ifdefs), leaving it a shaken husk of its forner self. These comments are
t hen pi eced together by a separate function and used for insulation in Building
12.

COWPI LER  The heart of the whole process. The conpiler takes the | anguage
words, such as "if,"” "for," and "help!" and turns it into the bits, bytes, and
subroutines that give enploynment to a whol e host of socially chall enged people.

OPTI M ZATI ON:  This stage makes the generated code as efficient as possible.
The optim zer does this by carefully trinmng the odd and dangly parts off of
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nunerals like "5" and "9" until all the nunbers are either "1"s or "0"s.

ASSEMBLER: The assenbl er takes "machi ne code” (low | evel instructions done by
poorly-paid workers in w ndow ess sweat shops call ed "assenbler |ines") and
does sonething with it.

LINKER: Before we're done, we rnust link together all the various object files
with libraries containing macros and canned routines. Don't ask why--it's |ike
sal mon swi nm ng upstreamto spawn. You just do it

These libraries performa special job in the grand pageant known as program

mng. The pre-written macros and functions they contain allow the programmer
to save valuable time when witing a program while the arcane |inker options
and obscure environnment variables slow the progranmer down just as much. This
is known as "run-tine equilibriunf and is rather simlar to horizontal bungee-

j unpi ng.

EXECUTABLE: This is the final product, the finished masterpiece, the piece de
resi stance of the whole process. This file is what the engineer had in m nd
when he or she started out.

It's called "core."

- - Vat eo

Last modified at 2:48 pm on Wednesday, March 1, 2000



February 9, 2000 ECS 150 — Winter 2000 Page 5

Static and Dynamic Relocation

I ntroduction

This shows the basic hardware instruction cycle for a machine that uses static relocation and for one that uses
dynamic relocation.

Static Relocation

Static relocation refers to address transformations being done before execution of a program begins. A typical hard-
ware instruction cycle looks like this:

| oop
w:= Minstr_ctr]; (* fetch instruction *)
oc := Opcode(w);
adr := Address(w);
instr_ctr :=instr_ctr + 1;
case oc of
1: reg := reg+Madr]; (* add *)
2: Madr] := reg; (* store *)
3: instr_ctr := adr; (* branch *)
end

end (* loop *)

Dynamic Relocation

Dynamic rel ocation refers to address transformations being done during execution of aprogram. Inwhat follows, the
function NL_mayp (for Name L ocation map) maps the rel ocatable (virtual) address va given in the program into the
real (physical) storage address pa:

pa := NL_map(va)
So, atypica hardware instruction cycle looks like this:

| oop
w:= MNL_map(instr_ctr)]; (* fetch instruction *)
oc := Opcode(w);
adr : = Address(w);
instr_ctr :=instr_ctr + 1;
case oc of
1 reg := reg+M NL_nmap(adr)]; (* add *)
2: M NL_map(adr)] := reg; (* store *)
3: instr_ctr := NL_map(adr); (* branch *)
end

end (* loop *)
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Paging and Address Tranglation

I ntroduction

This shows the function used to map alogical address to a physical address for some paging schemes. Throughout
this handout, an address in virtual memory isapair (logical_page, offset) where logical_page is the page number
within the logical address space and offset the offset into that page. Also, page_sizeisthe size of the page (whichisa
multiple of 2). We will assume the entire program isin memory, so no error handling is given; were this assumption
false, the situation where the requested address were not in memory would need to be handled (by generating a page
fault and loading the necessary page):

Paging Address Trandlation by Direct Mapping

This method stores the page table in main memory and the address of this table in the process control block, in areg-
ister called the page table base register. Let the page table base register be called pt_base register, and let memory
represent the main store of the computer. Then:
function NL_map( (Il ogi cal _page, offset)): physical address;
begi n

NL_map := nenory[pt_base _regi ster + |ogical _page] * page_size + offset;
end (* NL_map *)
In pictures, hereiswhat is going on:

page table
p
PTBR ——&( +
Dp frame
CPU (—{p | O |virtual physical
address frame

memory
0

» frame | o
physical address

Paging Address Translation by Associative M apping

In this algorithm, assoc_page table represents an associative memory. This function can check atype of memory
called "associative memory" (or "cache" or "lookaside memory") which stores both a frame number and a page num-
ber. Thesearchisdonein parallel, and is much faster than alinear (or binary) search. The function returnsthe frame
number associated with its argument:
function NL_map( (Il ogi cal _page, offset)): physical address;
begi n

NL_map : = assoc_page_tabl e(l ogi cal _page) * page_size + offset;
end (* NL_map *)

Paging Address Translation with Combined Associative and Direct M apping

This combines the above two methods. The array page tableisasmall associative store that can hold only afew
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page numbers; thereis also a page table kept in memory. For this method, we shall assumethat if thereis no entry for
logical_page in the associative memory, assoc_page_table returns—1. Taking everything else as in the previous two
sections:

function NL_nmap( (! ogical _page, offset)): physical _address;

var frame_nunber: integer;

begi n
frame_nunber := assoc_page_t abl e(l ogi cal _page);
if frame_nunber = -1 then (* not in associative nmenory *)
NL_map : = menory[ pt_base _regi ster + | ogical _page]
* page_size + offset;
el se

NL_map : = frane_nunber * page_size + offset;
end (* NL_map *)
Thisisthe most common method, and is used in modern computers with paging.
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Segmentation and Address Translation

I ntroduction

This shows the function used to map alogical address to a physical address for some segmentation schemes.
Throughout this handout, an address in virtual memory is a pair (segment, offset) where segment is the segment num-
ber within the logical address space and offset the offset into that segment. We will assume the entire programisin
memory, so ho error handling is given; were this assumption false, the situation where the requested address were not
in memory would need to be handled (by generating a segment fault and loading the necessary segment):

Segmentation

Aswith paging address trandation with direct mapping, the segment table is stored in memory, and a pointer to its
basein aregister called the segment table base register. L et the segment table base register be called st_base register,
and let memory represent the main store of the computer. Then:

function NL_map((segnment, offset)): physical address;

begi n
NL_map : = nenory[st_base_register + segnent] + offset;
end (* NL_map *)
In pictures:
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Segmentation and Paging Combined

I ntroduction

This shows the function used to map alogical address to a physical address for schemes combining paging and seg-
mentation. Throughout this handout, page_size isthe size of the page (which isamultiple of 2), seg_tbl_base reg
contains the address of the base of the segment table, and memory is the main store of the computer. We will assume
the entire program is in memory, so no error handling is given; were this assumption false, the situation where the
requested address were not in memory would need to be handled (by generating a fault and loading the appropriate
data structure).

Segmented Paging

In this algorithm, the page tables are segmented. The virtual addressis represented asa pair (logical_page, offset),
but the logical_page consists of apair (seg_number, seg_offset) indicating which segment number seg_number of the
page table the frame number frame_no is stored in, and the offset seg_offset from the base of that segment table. As
usual, an associative memory isfirst checked; this will be represented by the funcetion assoc_page_table, which
returns the frame number if that isin the table, and -1 if not:
function NL_map( (Il ogi cal _page, offset)): physical address;
var frame_no: integer; (* nunber of frame *)
pg_t bl _base: integer; (* addr. of page table segnent *)
begi n
frame_no := assoc_page_t abl e(l ogi cal _page);
if frame_no = -1 then begin
pg_tbl _base := nenory[seg_tbl _base_reg + seg_nunber];
frame_no := menory[pg_tbl _ base + seg offset];
end;
NL_map := frame_no * page_size * offset;
end (* NL_map *)

Paged Segmentation

In this algorithm, the segments are paged. The virtual addressis represented as apair (seg_number, offset), but the
offset consists of apair (page_number, page offset), indicating which page number page_number of the segment
seg_number the frame number frame_no is stored in, and the offset page_offset from the base of that page. Asusual,
an associative memory isfirst checked; thiswill be represented by the funcetion assoc_page table, which returnsthe
frame number if that isin the table, and -1 if not. Noteit takes the segment number as an argument as well:
function NL_map((seg _nunber, offset)): physical address;

var frame_no: integer; (* nunber of frane *)
pg_tbl base: integer; (* addr. of page table segnent *)
begi n
frame_no := assoc_page_t abl e(seg_nunber, page nunber);
if frame_no = -1 then begin
pg_tbl _base := nenory[seg_tbl _base reg + seg_nunber];
frame_no := nmenory[pg_tbl _base + page nunber];
end;
NL_map := franme_no * page_size * page_offset;
end (* NL_nmap *)
In pictures:

Last modified at 2:48 pm on Wednesday, March 1, 2000



February 9, 2000 ECS 150 — Winter 2000 Page 10
trap
no
segment table
STLR g
>
e
yes S
STBR
PTBR
s
U — (s.d) page table physical
T memory
d p .
(p,0) i f |—» (f,0)

Last modified at 2:48 pm on Wednesday, March 1, 2000




February 9, 2000 ECS 150 — Winter 2000 Page 11

Page Replacement Algorithms

I ntroduction

This handout shows how the various page replacement algorithms work. We shall call the pages of the program a, b,
C, ... to distinguish them from thetime (1, 2, 3, ...).

Fixed Number of Frames

We shall demonstrate these algorithms by running them on the reference string w = cadbebabed and assume that, ini-
tialy, pages a, b, ¢, and d occupy frames 0, 1, 2, and 3 respectively. When appropriate, thelittle arrow - indicatesthe
location of the * pointer” which indicates where the search for the next victim will begin.

First In/First Out (FIFO)
This policy replaces pagesin the order of arrival in memory.

time 0 1 2 3 4 5 6 7 8 9 10
w c a d b e b a b C d
frame O -a -a -a -a -a e e e e -e d
frame 1l b b b b b -b -b a a a -a
frame 2 c c c c c c c -C b b b
frame 3 d d d d d d d d -d c c
page fault 1 2 3 4 5
page(s) loaded e a b c d
page(s) removed a b C d e
Optimal (OPT, MIN)
This policy selects for replacement the page that will not be referenced for the longest tile in the future.
time 0 1 2 3 4 5 6 7 8 9 10
w c a d b e b a b c d
frame 0 a a a a a a a a a a d
frame 1 b b b b b b b b b b b
frame 2 c c c c c c c c c c c
frame 3 d d d d d e e e e e e
page fault 1 2
page(s) loaded e d
page(s) removed d a
L east Recently Used (LRU)
This policy selects for replacement the page that has not been used for the longest period of time.
time 0 1 2 3 4 5 6 7 8 9 10
() c a d b e b a b c d
frame O a a a a a a a a a a a
frame 1 b b b b b b b b b b b
frame 2 c c c c c e e e e e d
frame 3 d d d d d d d d d c c
page fault 1 2 3
page(s) loaded e c d
page(s) removed c d e
stack (top) c a d b e b a b c d
— c a d b e b a b c
— — c a d d e e a b
stack (bottom) — — — c a a d d e a
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Not-Recently-Used or Not Used Recently (NRU, NUR)

This policy selects for replacement a random page from the following classes (in the order given): not used or modi-
fied, not used but modified, used and not modified, used and modified. In the following, assume references 2, 4, and
7 are writes. The two numbers written after each page are the use and modified bits, respectively.)

time 0 1 2 3 4 5 6 7 8 9 10
() c a* d b* e b a* b c d
frameO a a00 al1 &1l a11 a0l a0l &1l a1l a0l a0l
frame 1 b b0 b0 bO0 b1l b0l b1l b1l b1l b/l b0l
frame 2 c ¢10 d10 c¢10 /10 €10 €10 €10 €10 €00 d/10
frame 3 d d00 dOo0 d/10 d/10 d00 d/00  d/00 d/00  c/10  c/10
page fault 1 2 3
page(s) loaded e c d
page(s) removed c d e
Clock

Thispolicy issimilar to LRU and FIFO. Whenever a page is referenced, the use bit is set. When a page must be
replaced, the al gorithm begins with the page frame pointed to. If the frame'suse bit is set, itis cleared and the pointer
advanced. If not, the page in that frame isreplaced. Here the number after the page is the use bit; we'll assume all
pages have been referenced initially.

time 0 1 2 3 4 5 6 7 8 9 10
() c a d b e b a b c d
frameO a -al -al -al -al e/l e/l e/l el el d/i1
frame 1 b b/l b/l b/l b/l -b/0 b/l b/0 b/l b/l b/0
frame 2 c c/l c/l c/l c/l c/0 c/0 all all all alo
frame 3 d d/1 d/1 d/1 d/i1 d/o do -d0 -do c/l c/0
page fault 1 2 3 4
page(s) loaded e a c d
page(s) removed a c d e

Second-chance Cyclic

This policy merges the clock algorithm and the NRU algorithm. Each page frame has a use and a modified bit.
Whenever apage is referenced, the use bit is set; whenever modified, the modify bit is set. When a page must be
replaced, the algorithm begins with the page frame pointed to. If the frame's use bit and modify bit are set, the use bit
is cleared and the pointer advanced; if the use bit is set but the modify bit is not, the use bit is cleared and the pointer
advanced; if the use bit is clear but the modify bit is set, the modify bit is cleared (and the algorithm notes that the
page must be copied out before being replaced) and the pointer is advanced; if both the use and modify bits are clear,
the pagein that frameisreplaced. Inthefollowing, assume references 2, 4, and 7 are writes. The two numberswrit-
ten after each page are the use and modified bits, respectively.) Initialy, all pages have been used but none are modi-
fied.

time 0 1 2 3 4 5 6 7 8 9 10
W c ar d b* e b ar b c d
frameO a -ald -all -all -a11 a00* a0o0* alll a1l -all  a&aoor
frame 1l b bl10 b10 b10 b1l bOO0* b/A0* b/A0* Db/10* Db/10* d/10
frame 2 c ¢10 ¢10 ¢10 ¢10 €10 €10 €10 €10 €10 €00
frame 3 d d10 d10 d/10 d/10 -d/00 -d/00 -d/00 -d/00 c/10  c/00
page fault 1 2 3
page(s) loaded e c d
page(s) removed c d b

Variable Number of Frames
We shall demonstrate these algorithms by running them on the reference string w = ccdbcecead.
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Working Set (WS)

This poalicy triesto keep all pagesin a process working set in memory. This table shows the pages consitiuting the
working set at each reference. Here, we take the working set to be that set of pages which has been referenced during
thelast t = 4 units. We also assume that a was referenced at time 0, d at time -1, and e at time -2.

time 0 1 2 3 4 5 6 7 8 9 10
() c c d b c e c e a d
Page a a a a a — — — — — a a
Page b — — — — b b b b — — —
Pagec — c c c c c c c c c c
Page d d d d d d d d — — — d
Page e e e — — — — e e e e e
page fault 1 2 3 4 5
page(s) loaded c b e a d
page(s) removed e a d b

Page Fault Frequency (PFF)

This approximation to the working set policy triesto keep page faulting to some prespecified range. If thetime
between the current and the previous page fault exceeds some critical valuet, then all pages not referenced during that
interval are removed. This table shows the pages resident at each reference. Here, wetake t = 2 units and assume
that initially, a, d, and e are resident.
time 0

()

Page a
Page b
Page c
Paged
Page e
page fault

page(s) loaded
page(s) removed

cno.llm
-QOI—‘(‘DQ.O'QJOI—‘
cno.olmom
q:Q.olmQ.w
J?chrmlo.ocrlcr-b
|l aool oo
(‘DOO(‘DQ.OU'(‘D(D
(‘DQ.ocrlo\J
CDQ.ocrlcuoo
6l oo
Q.U'I(‘DQ.OlmQ.B

o
o0 ho
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