ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991Memory ManagementGoalCPU gains related to scheduling require that many processes bein memory; so, memory must be shared. We shall discuss memorymanagement schemes; the selection of which one to use dependsespecially on the hardware available.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992How Programs Interact With MemoryWhen a program is written and then run, the following steps takeplace:compile, assemble to object modulel i n k e r to load moduleloaderto in-core imageexecuteAddresses in each of these are:SOURCEsymboliccompilebind to relocatable address,i.e., bigmod + 4loader(usually) bind relocatable toclosest addressA program executes using absolute (also called physical) addresses;here’s what the instruction execution cycle looks like:fetch instruction at address Adecode it (poss)fetch operands at addresses B1, ..., B n execute instructions (poss)store results at addresses D1, ..., D n So the memory unit sees just a stream of addresses, and is nevertold h o w this stream is generated. We are just interested in thissequence.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993Memory Management and Hardware

Bare MachineThis type has no memory management and no operating systemsoftware.simple:no special hardwareno servicesproblems:operating system has no control over interruptsno monitor to process system calls or errorsno job sequencingThis type of machine is used in dedicated systems whensimplicity and flexibility are required and users are willing toprogram support routines.Resident MonitorIn this type of system, there are 2 sections of memory: one forthe monitor, the other for the user. The monitor is usually putwherever more convenient; as the interrupt vectors are usually inlow memory, so is the monitor.In such a system, the hardware must protect the monitor codefrom the user; this is often done with a fence address as follows:CPU addressaddress £ fence?fence address yest r a p nomemoryNote that every reference must be checked, which slows memoryaccesses down. A good hardware design can reduce effectiveaccess time by overlapping the comparison with other activities.The comparison is not done when running in monitor mode.Specifying fence address¥build the fence address into the hardware as a fixed constant;this raises some questions, such as:¥how is that constant selected?¥what happens if the monitor changes size?¥use a fence register to hold the fence address; in this case:¥the register is always used in the address bounds check

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19994¥the fence register may be loaded in monitor mode only,using a special, privileged instruction

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19995R e l o c a t i o n

Typically, the address space of a computer starts at 0, buit as themonitor is in low memory, the address space of a user processstarts at the first address after the fence address. So when areprogram addresses bound to absolute addresses?¥at compile time? if the fence address is known, this is possible.problem: if the fence address changes, the code must berecompiled.¥at load time? In this case, the compiler generates relocatablecode.problem: if the fence address changes, the code must be reloadedFurther, both of these assume the fence address is static duringexecution; if it changes, then the program could produce invalidaddresses midway through execution. This means that under theseschemes the fence address can be changed only when no userprocesses are running. This becomes a big problem when the monitoruses transiennt monitor code. This involves little-used routineswithin the monitor. To keep the monitor small, the transientmonitor routines are not loaded until needed; when they are needed,the monitor size increases, so the fence address changes; when theroutine is no longer needed, it is deleted and the fence addresschanges again. Hence allowing the monitor to change sizedynamically is good, and neither of those alternatives allow it.There are two ways around this:(1) Load the user program in high memory down towards the fenceregister; either the user or the monitor process can use thespace between them. This technique was used in the PDP-11’searly operating systems:l o w high residentm o n i t o r userprocess directions of growth(2) Bind the process addresses at execution time; here, the fenceregister (called a relocation or base register)is added to everyaddress reference, so if the fence register contained x, address205 would really refer to absolute address x+205; this is calleddynamic relocation:

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19996CPU l o g i c a l addressbaser e g i s t e r memoryabsoluteaddress The CDC 6600s use this scheme.Advantages:¥The user process never sees the absolute (physical)addresses.¥If the base register is changed, the user memory need only bemoved to the correct locations relative to the new fenceaddress.With this scheme, the user process sees the logical addressesas 0, ..., max , but the physical addresses are really b, �, b+max,where b is the fnece address (contents of base register). Notethat all information passed to the operating system for use asmemory addresses (such as buffers for I/O) must be relocated.]This concept of the logical address space being mapped to aseparate physical address space is central to proper memorymanagement!(3) SwappingThis uses the idea of a (single-user) resident monitor, but formany processes by keeping only one process resident and puttingall others on backing store (called the swap device). The firstidea is to use this when the system does not have enoughmemory for more than one user process at a time.¥done in CTSS and the SDC Q-32 resident monitors, whichmake the rest of memory available to current users; it isstill used when there is not enough memory for all jobsThis was later generalized to many resident processes.¥Called swapping; processes resident in memory are swapped.¥The system needs a backing store which is big enough to holdcopies of all memory images for all users and provides directaccess to them.Executing a process now looks like this:¥CPU calls dispatcher¥dispatcher looks; if process in memory, runs it¥if not, swap out resident process¥swap in desired process¥load registers as normal¥run!

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19997Swap TimeThis greatly increases the time needed to switch context, so wewant execution time per process to be long relative to swaptime. Assume:¥the process occupies 20,000 words of memory;¥the backing store is a fixed head drum with 10 ms rotationallatency; and¥the transfer rate is 363,000 words/sec.This means that the time to move a process into or out ofmemory is10ms + 2 0 0 0 0 3 6 3 0 0 0 sec = 10 ms + 55.1 ms = 65.1 msso the time needed to swap two processes (one out, the otherone in) is approximately 130ms for two 20,000 word processes.Optimizations¥Swaps only part of the memory used by a process rather thanall of the memory. In this case, processes must keep themonitor informed of changes in memory requirements (that is,request memory and release it).¥Speed up the backing store’s performance. This is often doneby using memory chips for swapping rather than a drum or disk(although the interface is usually that of a drum or disk, fortransparency reasons)¥IBM’s large core storage (LCS) system has an access time of8 ms, and a transfer rate of 400,000 word/sec, so to swapone 20,000 word process takes8ms + 2 0 0 0 0 4 0 0 0 0 0 sec = 8 ms + 50 ms = 58 msor 116 ms to swap one 20,000 word process out and anotherin.¥CDC’s extended core storage (ECS) system has an accesstime of 3 ms and a transfer rate of 107 words/sec, so toswap one 20,000 word process takes3ms + 2 0 0 0 0 1 0 0 0 0 0 0 0 sec = 3 ms + 2 ms = 5 msor 10 ms to swap one 20,000 word process out and anotherin.¥overlap swapping with process execution:

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19998 fenceaddress m o n i t o r swap-outb u f f e r s w a p - i n b u f f e r user¥ The memory in the swap-out buffer is being written out;¥ The memory in the swap-in buffer is being read in; and¥ The memory in the user area is being used by the executing p r o c e s s . When processes are to be swapped:( 1 ) move the contents of user area to the swap-out buffer;( 2 ) move the contents of swap-in buffera to the user area;( 3 ) begin I/O to write swap-out buffer to backing store;( 4 ) begin I/O to read next process being swapped in to swap-inbuffer; and( 5 ) execute user processProblem: If a high speed swapping device is used, there may notbe any spare cycles to move memory associated with processes tothe buffers; e.g., ECS, in which the transfer rate is equal to therate at which main memory can be accessed.Note that only completely idle processes can be swapped. Forexample, if a process is blocked on I/O and the I/O operationswill access the process buffers directly, that process cannot beswapped. Two ways to handle this situation:¥never swap a process with I/O pending; or¥have all I/O operations move data into or out of operatingsystems buffers only (and then transfer the moved data to orfrom disk at leisure, such as when the program is swapped inagain)

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19999Simple Memory Management Schemes

As swapping is so expensive, we’d like to avoid it. This leads tothe idea of multiple partitions of memory, where multiple processesare stored in memory simultaneously, each in a different location.The question is how memory is allocated so processes need not beswapped out.In general, memory is divided into partitions or regions, eachwith one program.¥the degree of multiprogramming is bounded by the number ofp a r t i t i o n s ¥when a partition is free, put a job on the ready queue into thep a r t i t i o n Note the memory associated with each job is contiguous. Twoschemes which do this are:¥multiple contiguous fixed partition allocation (M F T )¥multiple contiguous variable partition allocation (M V T )These require hardware to prevent access outside assigned memoryregions. One of two mechanisms is typically used:¥bounds registers keep track of the uppermost and lowermostphysical addresses¥base and limit registers keep track of the uppermost logicaladdress and the smallest physical address (used in the CDC 6600and its descendants)Fixed Regions (MFT)Here the regions do not change size:

m o n i t o r s m a l l mediumlarge10K4K6K12K

32KMFT Job SchedulingWhan a job enters the system, it is put onto the job queue; thelong-term scheduler takes both memory requirements and availablepartitions into account. Then a job is allocated space and movedinto the partition, at which point it can go onto the ready queue; it

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 0 competes for CPU time until it ends, at which point the memorypartition is freed and a new job is brought in.Allocation of MemoryAll these require some classification of jobs based on memoryneeds as they enter the system. Either the user must specify amaximum amount of memory or the system can try to determine itautomatically.( 1 ) each memory partition has its own queue, and the job goes intothe smallest region that will hold it.Example: 3K job and 5K job go into the queues associated withthe small and medium partitions, respectively.( 2 ) all jobs go into 1 queue, and when the scheduler selects the nextjob to run, it waits for the partition to become available.Example: if a 3K job came first in the queue followed by a 5Kjob, and the 6K partition became available, no job would beplaced into it, because the next job in the queue is to go in thesmall partition.( 3 ) all jobs go into 1 queue, but when the scheduler is to bring in ajob, it runs down the queue and picks the next job that would fitinto an appropriate free partitionExample: if a 3K job came first in the queue followed by a 5Kjob, and the 6K partition became available, the 5K job would beput into the 6K partition even though the 3K job precedes it inthe queue. (Note: if the 12K partition became free instead of the6K partition, the 5K job sits in the queue as its associatedpartition is still occupied.)¥the scheduler selects the next job that fits into its freepartition even if higher priority jobs are waitingahead of it but are too large to run.( 4 ) all jobs go into 1 queue, but when the scheduler is to bring in ajob, it runs down the queue and picks the next job that would fitinto any free partitionExample: if a 5K job were in the queue, the small and mediumpartitions were occupied, and the large partition becameavailable, the 5K job would be put into the 12K partition.( 5 ) Now add swapping and give each of several jobs fitting into onepartition some time.Example: We have 3 partitions; schedule all jobs associated withone partition using round robin. It works like this:¥round robin quantum expires;

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 1 ¥memory manager starts swapping out the job currently in thepartition and swapping in another job associated with thatp a r t i t i o n ; ¥the CPU scheduler gives a time slice to a job in anotherp a r t i t i o n �For this to work the memory manager must be able to swap jobsfast enough so there are always jobs in memory, ready toexecute, when the CPU is rescheduled.( 6 ) When a high priority job comes in and a lower priority one isusing the appropriate partition (or lower priority jobs are usingall available partitions), swap out a lower priority job for thehigher priority one demanding service.¥when the higher priority job is done, swap the lower priorityjob back in and continue¥this technique is called roll-out/roll-inNormally, swapped jobs return to same partition, but whetherthis m u s t be done is dictated by the partition allocation policyand the relocation method:¥with static relocation, the job must return to its originalp a r t i t i o n . ¥with dynamic relocation, the job need not return to itsoriginal partition.Problems: suppose a job needs more memory, or tries to allocatemore memory, than the partition has. MFT gives the job a fixedamount of memory; the job may use less, but not more. So what canhappen if it requests more?( 1 ) terminate the job( 2 ) return control to the job with an error indication that therequest cannot be satisfied( 3 ) swap out the job and wait for a large enough partition to becomeavailable; this is viable only if relocation is dynamic.Another problem: suppose your system has 120K of memoryavailable, and you run 20K jobs all day, except for one 80K jobwhich runs once a day. You’ll need an 80K partition to run thatjob, which means during most of the day you’ll be wasting 60K(except when the 80K job is running).Variable Regions (MVT)This scheme allows partition size to vary dynamically to solvethe second problem above. The operating system keeps track of what

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 2 parts of memory are allocated and what parts are free (the holes)using bit maps or linked lists (or some other apprropriate structure).queue( 1 ) 6 0 K (2)100K( 3 ) 3 0 K ( 4 ) 7 0 K ( 5 ) 5 0 K mon.

4 0 ( 1 ) ( 2 ) ( 3 ) 1 0 0 2 0 0 2 3 0 2 5 6 mon.4 0 2 5 6

( 1 ) i n ( 2 ) i n ( 3 ) i n

4 0 ( 1 ) ( 4 ) ( 3 ) 1 0 0 2 0 0 2 3 0 2 5 6

1 7 0

( 2 ) done( 4 ) i n

4 0 ( 5 ) ( 4 ) ( 3 ) 1 0 0 2 0 0 2 3 0 2 5 6

( 1 ) done( 5 ) i n 9 0 Note there are set of various-sized holes throughout memory; if thehole is too big for the next job, the hole is split and the unusedportion is returned to the set of holes. When the job ends, thgememory it was using is returned to the set of holes and is combinedwith adjacent holes. This all requires some sort of allocationscheme.

Allocation SchemesThe hardware support reguired is the same as for MFT (namely,bounds registers or base and limit registers); the difference is inthe software.Memory is usually allocated in chunks to avoid having to keeptrack of very small holesThe more common schemes for placing a job in memory are:( 1 ) best-fit lists the holes in order of increasing size. A job is putinto the smallest hole it fits.(2) worst-fit lists the holes in order of decreasing size. A job isput into the first hole in the list.(3) first-fit list the holes in order of increasing base address. Ajob is put into the first hole it fits.( 4 ) next-fit is like first-fit, except the search for a hole the jobfits begins where the last one left off.(5) buddy system deals with memory in sizes of 2i for i < k. Thereis a separate list for each size of hole. Put the job into a holeof the closest power of 2; if it takes up under half, return theunused half to the free list.Example: You have a memory of 16K, and a 3K job comes in. Thenearest power of 2 is 4, so:

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 3 16K

8K8K

8K4K4K

3K goeshere

When done, the process reverses and blocks coalesce.Which works best? The buddy system, according to simulations.Job SchedulingThe scheduler has a list of available block sizes and a queue ofjobs wanting memory. The job scheduler orders jobs according toits scheduling algorithm, and then memory is allocated until there isnot enough to allocate to the next job. At that point, two things canbe done:( 1 ) skip to the next job in queue which can fit into the availablememory hole; or( 2 ) wait until enough memory becomes available for the next job tobe run.Within a partition, MVT wastes little or no space (the wasting ofspace within a partition is called internal fragmentation), butbetween partitions it may waste lots of space (the wasting of spacebetween partitions is called external fragmentation),.no internal fragmentation; for example, in the earlier picture, job(5) could have been run simultaneously with (1), (3), and (4) werethe two holes combined. But they weren’t, so we has 56K of externalfragmentation. The placement algorithm chosen can have a seriousimpact on the amount of external fragmentation.CompactionThis refers to moving the contents of memory about in order tocombine holes. For example, in the above, move job 3’s memory to170K would combine the holes at 170K-200K and 230K-256K intoone hole at 200K-256K.This is not always possible, and dynamic relocation is anecessity; you just copy the contents of the memory being used bythe process, and change the base register appropriately.Various schemes:(a)move all jobs to one end of memory; this can get expensive.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 4 (b)move enough jobs to get the memory you need.Example: the CDC 6600 Scope Operating System kept 8 jobs in mainmemory at once, and used compaction on job termination to keep onehole at the bottom of main memorySwappingThis can be useful too. Rolling out a job releases memory; rollingin can cause problems if static relocation is used (as it must havethe same partition as when rolled out). Using dynamic relocation,though, you can swap the job out and then swap it in at its newlocation.Reducing external fragmentation:This can be done in a number of ways:¥reduce the average job size¥break memory into two parts, one for instructions and one fordata.example: PDP-10 had 2 base/limit register pairs, the high orderbit of each indicating which half of memory (high or low) the pairrefers to. Instructions and read-only data go into high memoryand variables go into low memory (by convention).example: UNIVAC 1108 also had 2 base/limit register pairs, onefor instructions and one for data. The instruction pair is read-only, so users can share programs.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 5 Memory Fragmentation

Say a job needs w words of memory, and a partition has p words.Then:internal fragmentation exists when w - p > 0 (ie, memory internal toa partition is not being used)external fragmentation exists when w — p < 0 (ie, a partition isunused and available but is too small for any waiting job)example: A system has 22K memory available; it is divided into 4partitions of sizes 4K, 4K, 4K, and 10K. The queue has:7K job ¥ 10K partition, leaving 3K of internal fragmentation3K job ¥ 4K partition, leaving 1K of internal fragmentation6K job waitstwo 4K partitions unused, leaving 8k of external fragmentationTotal fragmentation: 8K+3K+1K=12K, which is over 50% of availablememory!example: A system has 22K memory available; it is divided into 3partitions of sizes 4K, 8K, and 10K. The queue has:7K job ¥ 8K partition, leaving1K of internal fragmentation3K job ¥ 4K partition, leaving1K of internal fragmentation6K job ¥ 10K partition, leaving4K of internal fragmentationall partitions used, leaving 0K of external fragmentationTotal fragmentation: 0K + 4K + 1K + 1K = 5K, which is 23% ofavailable memory; much better.example: partitions exactly match job sizes (in the above, the 22Kmemory is divided into partitions of 3K, 6K, 6K, and 7K).Total fragmentation: 0K (ie, none)!

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 6 Paging

This solves the compaction problem of MVT by no longer requiringprogram memory to be contiguous. The hardware splits each logicaladdress into two parts; the high bits represent the page number andthe low bits the page offset. A page table has the base address(frame number) of each page in physical memory; this base added tothe offset to get the associated physical address:

page 0page 1page 2page 3 l o g i c a l memory4205paget a b l e page 2page 1page 0page 3physicalmemoryA frame is the physical memory into which a page is put; a page isthe unit of logical memory put into physical memory. Both are of thesame fixes size, which is defined by hardware, and is usually apower of 2; some examples:IBM 3702048 or 4096 bytes/pageXDS-9402048 words/pageNOVA 3/D1024 words/pageDEC-10512 words/pageIf the page contains p words, the logical address l gives:page number = l div ppage offset = l mod pIf p is a power of 2, this can be done by examining the bitrepresentation of l directly:page number = high order bits of ppage offset = low order bits of pexample: for a 16 word memory, and a page size of 2 words:

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 7 abcdefgh0246l o g i c a l memory

2645paget a b l e 0123 ab024681 0 1 2 1 4 cdefghphysicalmemoryTo obtain the physical address of word h (word number 7):page number = 7 div 2 = 3page offset = 7 mod 2 = 1The page table says page number 3 is mapped into frame number 5,so the base of the frame is 5 x page size = 10, and hence the physicaladdress corresponding to logical word 7 is 10 + 1 or 11.This transformation is done for every logical address, so it isdynamic relocation.Job SchedulingJob size is given in pages; if a job has n pages, it needs n freeframes. Note there is no external fragmentation! But there will beinternal fragmentation if the last page of the job uses less than 1full page. If the job size and page sizes are independent, theexpected internal fragmentation is half a page per job; so tominimize internal fragmentation, use small page sizesPage table information is stored in the process’ PCB; if theprocess is swapped back in, those values may have to be updated toreflect the new placement.Page table implementationIf there is a small number of pages, use registers for the pagetable. Loading and modifying their contents requires privilegedinstructions.examples:XDS-9408 pages2048 wds/page8 registersNOVA 3/D32 pages1024 wds/page32 registersSIGMA 7256 pages1024 wds/page256 registersThese can be built from very high speed logic, so paging address translation is efficient.If there is a large number of pages, then store the page table inmemory, and use a Page Table Base Register (PTBR) to point to it.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 8 CPU popphysicalmemorypage tablef r a m e

+PTBR f r a m e f r a m e ophysical addressp o virtualaddressChanging page tables in a context switch simply requireschanging 1 register. Accessing a physical address given the logicalone requires 2 memory accesses:¥one to get the value in thr page table;¥one to get the desired quantity.This slows memory accesses by a factor of 2.OptimizationUse a cache (associative memory, look-aside memory, etc.).These are registers storing a (key, value) pair and given the key, thishardware compares it with all the registers at once and returns thecorresponding values. Very fast but expensive!Caches contain only a few page table entries, so when used theyare used like this:¥get page number from logical address¥check cache for corresponding frame number; if found, usethe frame number (this may take as little as 0.1 the time ofa memory access)¥if not in cache, access memory to get frame number¥add page offset to frame numberThe efficiency of caching is measured by the hit ratio (the percentof time the page number is found in the cache).example: it takes 50ns to search the cache, and 750ns to accessmemory.in cache:mapped memory access takes 50ns + 750ns = 800nsnot in cachemapped memory access takes50ns + 750ns + 750ns = 1500nsThe effective memory access time is the average time needed for amemory reference:hit ratio · time needed to reference when page # in cache +

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19991 9 (1 - hit ratio) · time needed to reference when not in cacheexample: in the above, an 80% hit ratio gives an effective memoryaccess time of:0.8 · 800ns + (1 - 0.8) · 1550ns = 956nsfor a slowdown of 9 5 6 - 7 5 0 7 5 0

= 27.4%, and a hit ratio of 90% gives0.90 · 800ns + (1 - 0.9) 1550ns = 875nsfor a slowdown of 8 7 5 - 7 5 0 7 5 0

= 16.7%).Sharing PagesPages of re-entrant code (non-self modifying code, pure code) can beshared simply by putting appropriate entries in the page tables:

C2data 1C1data 2memory

C1C2datajob 1

420paget a b l e

423paget a b l e 012345Here the total space used with sharing is2 pages for C, 3 data pagesThe total space used without sharing is2 pages for C, 3 data pagesIt is critical that shared code not be changed; so this must beenforced by the operating system, and not by the code itself.P r o t e c t i o n Associate protection bits with each page. These bits are kept inthe page table:¥1 bit for read/write or read only¥1 bit for valid/invalid¥additional bits for other forms of protectionWith these the system can verify there is no writing to a read-onlypage while the physical address is being computed; if there is suchwriting, a trap to the operating system occurs.How illegal addresses get t r a p p e d The operating system sets a bit for each page to allow/disallowaccess.example: 14-bit address space (0 � 16383), and the program usesaddresses 0 � 10468. The page size is 2048 words/page. Hence

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 0 ppages 6 and 7 cannot be accessed. As an example of internalfragmentation, note that words up to 12287 can be accessed becausepage 5 contains some part of the program, and you can’t deny accessto part of a page (it’s all or nothing).A quick review of what we’ve done so far, but from anotherdirection:

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 1 Views of Memory

The user’s program sees one contiguous memory space.The operating system sees the user’s program scatteredthroughout physical memory .How can these be reconciled? Because the address translationmechanism maps logical memory locations to physical locations,under the control of the operating system.This means:¥the logical and physical addresses may be differentexample: the XNS-940 has a logical address of 14 bits but aphysical address of 16 bits; the page number (3 bits) goes intothe Page Table to select a 5 bit frame number. Hence there is upto 4 times as much physical memory as one user can addresThis technique was used when 15/16 bit address spaces grew to17/18 bits as memory prices dropped:¥the logical addresses were still 15/16/ bits;¥the physical addresses became 17/18 bits.Users could not use more memory than before, however.The operating system is aware of what frames are allocated,what frames are available, the total number of frames, etc.; all thisis stored in a global frame table , which is like a page table but hasone entry per frame. The entry indicates if the frame is allocatedand if so, to which process.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 2 S e g m e n t a t i o n

Now alter the user’s view of memory slightly; instead of sets ofequally-sized blocks of instructions or data, think of a program as acollection of variable-sized segments:¥1 segment per subroutine or data structure¥segments are of variable length¥words (elements) identified by offsets into segmentThis form of memory management is called segmentation:¥the logical address space is a collection of segments,¥segments have a name and a length¥addresses specify the name of the segment and theoffset into that segmentIn paging, the hardware divides the logical address into a pagenumber and offset; but for a segmented system, the operatingsystem is given the segment number and the offset. (It is oftengenerated by the compiler, although the user may do it directly � the�.text n� construct in many assemblers says to put the followinginstructions into text segment n . ) Segments are "named" by numbers because it’s the easiest thingto do. When a program is assembled, the assembler (or compiler)constructs segments appropriate for the program.example: In a Pascal program, there might be:¥a segment for global variables¥a segment for the process call stack (in which argumentsare stored, values returned, etc.)¥segments for the code for each procedure¥segments for local variables for each procedureThe loader assigns segments numbers.Users refer to objects by a pair (segment name, offset) whichmust be mapped to a physical address. A Segment Table is used fort h i s :

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 3 CPU

(s,d) sbasel i m i t

<t r a p ds noyes+physicalmemorysegment tablel i m i t base

+STBR

>yesnot r a p STLR l i m i t base1 0 0 0 4 0 0 4 0 0 1 1 0 0 1 0 0 0 1 4 0 0 6 3 0 0 4 3 0 0 3 2 0 0 4 7 0 0 segmentt a b l e 4321001234segments

14002400320043004700570063006700segment 0segment 3segment 2segment 4segment 1memoryI m p l e m e n t a t i o n Two techniques, as with paging:(1) Keep the segment table in registersexample: the PDP-11/45 has 8 segment registers; this meansaddresses have a 3 bit segment number and a 13 bit offset.This allows up to 8 segments of 8192 bytes each.Each entry in the segment table stores a base, a length, andsome access control bits

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 4 example: the B5500 has 32 segments of1024 words, so segmentnumbers are 5 bits long and offsets are 10 bits.Problems: too few segments, too little memory per segment(2) Keep the segment table in memoryIn this case, the Segment Table Base Register points to the baseof the segment table, and the Segment Table Length Registercontains the number of segments for the program. Hence twosteps to getting the physical address, given a logical address(s,d):( 1 ) Check that s < contents of STLR; if not, bad address(2) The location of the entry for the segment is STBR[s]Now proceed as above.As with paging, there will be 2 memory references per logicaladdress; using a cache to hold the most recently used segment tableentries reduces the effective memory access time. Using 8-16 suchregisters reduces the delay to 1.1 or 1.15 times that of unmappedmemory accessP r o t e c t i o n Segments represent semantically defined portions of programs,so all entries in a segment are protected in the same way. Forexample, instruction segments are usually read-only, execute-only.Typically associate protection bits with each segment table entry(see Deitel’s picture).Each array can be put in its own segment, which allows automaticbounds checking!S h a r i n g Segments can be shared:eddataeddataprocess 1process 2

2 5 2 8 8 5 5 0 4 3 0 6 9 0 0 0 l i m i t base010101seg table

2 5 2 8 1 2 2 3 4 3 0 6 6 8 3 4 l i m i t base01seg table430668347957900017550eddata 2data 1memoryThis means you need keep just one copy of non-writeable segmentsin memory! Also, you can share parts of program; for example, if 2

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 5 FORTRAN programs call sqrt(x), stick sqrt(x) into its own segmentand keep just one physical copy of it in memory.Some subtleties:¥a conditional jump in a shared segment uses an address totransfer to; that address is a (segment number, offset) pair. Thesegment number is that of the code segment. So if it is shared,the shared code segment must have the same number in allsharing processes.example: Sqrt shared; in one process it’s segment number 4, andin another, it’s segment 17. How can sqrt refer to itself? Itcan’t; so it must have a number common to all processes sharingi t . solutions:¥only share read-only data segments without any pointers (whichcontain addresses)¥share code segments which refer to themselves indirectlyexample: addresses specified as offsets from current PCexample: GE 645: addresses specified relative to a registercontaining the current segment number.F r a g m e n t a t i o n Note that paging has a fixed size page length, but segmentationuses variable length blocks. So finding room for the segments is thedynamic storage allocation problem; use the first-fit, best-fit, ...algorithms.The amount of external fragmentation depends on job schedulingand segment size; if there’s no room, the system can:¥wait until there is room;¥skip this job and put in the next one that fits;¥compact memory

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 6 Segmentation and Paging

These can be combined in two ways:¥Segmented pagingSegment the page table; that is, each entry in the segment tablecontains the base and length of (part of) the page table.¥logical address is (page number, page offset), but the pagenumber itself is (segment number, segment offset)So:1.get segment number, add STBR2.get segment table entry3.compare segment offset with page table length; if offsetgreater, illegal reference4.get page table base, add segment offset5.get page table entry6.use the frame number in it and the page offset to get physicallocationThis scheme is used when most of the page table is empty, whichhappens when the address space is big and the programs use afraction of the space of memory.¥Paged SegmentationHere, the segments are paged. The segment table contains thesegment lengths and the page table base logical address¥logical address is (segment number, segment offset), but thesegment offset is really (page number, page offset), andentries in the segment table are (page table base, page tablelength)So:1.get segment number, compare to segment table length; ifnumber greater, illegal reference2.add STBR to segment number3.get segment table entry4.add page number to page table base address5.get page table entry6.use the frame number in it and the page offset to get physicallocation

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 7

(s,d) sphysicalmemorysegment table

+STBR

>yesnot r a p STLR

PTBR p(p,o)

+ppage table f( f , o ) dCPUThis is used when segment sizes are large and externalfragmentation is a problem, or finding free space takes a longtime. As with paging, note the last page of each segment isgenerally not full; on the average, there is half a page of internalfragmentation per segment. But there is no externalfragmentation!

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 8 What Is Virtual Memory

Virtual memory allows the execution of processes not completelyin memory. Why is this good?¥programs often have code to handle unusual error conditions; inmany cases, this code may almost never be used;¥arrays and tables are often allocated more memory than needed;¥some options and features are seldom used and even if all areused, they are seldom used all at once.Some added benefits of not requiring the whole program to be inmemory are:¥programs are not constrained by the amount of available physicalmemory;¥more users can run at the same time, increasing CPU utilizationand throughput, without increasing response or turnaround times;¥it takes less I/O to load or swap a process into memory, so eachuser process seems to run fasterHow can this be done? In several ways:

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19992 9 O v e r l a y s

For this technique, keep only the instructions and data needed at agiven time in memory; as they are needed, new instructions and dataare loaded into space occupied by instructions and data no longerneeded.Example: consider a two-pass assembler:pass 18Kpass 210Ksymbol table14Kcommon routines5Kt o t a l 37KThe system has 32K of memory available. So, define two overlays:1.pass 1, symbol table, common routines; total, 27K2.pass 2, symbol table, common routines; total, 29KAdd an overlay driver of 2K, and both overlays fit into memorycompletely. Thus, you load overlay 1 into memory, run, and when youfinish jump to the overlay driver, which loads overlay 2 into memoryand invokes it.This is an example of This is an example of dynamic loading, onwhich the routine is not loaded until it is needed. It requires thatroutines be kept on disk in a relocatable format. When the mainprogram is loaded and executed, and it calls a routine, the system:( 1 ) checks to see if the called routine is in memory( 2 ) if not, that routine is loaded and the relevant tables areupdated( 3 ) the called routine is executed.Advantage: only routines that are used get loaded.Note that the operating system need provide no special support;however, this means:Problem: the user must design and program an overlay structure orloading; since the program is large, this may get confusing. It wouldbe far preferable to have automatic mechanisms to do this.This mechanism is called �

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 0 Implementations of Virtual Memory

It describes a set of techniques for allowing execution of aprogram not in memory. One such technique is:Demand PagingPrograms reside on a backing store (swapping device). Only thosepages being used are brought in; a page is never brought in unless itis referenced.¥this decreases swap time and the amount of physical memoryneeded;¥it also increases the degree of multiprogramming.To indicate a page is not resident (in memory), set the invalid bitfor page table entries referring to pages not in memory. When theprocess references such a page, the porocess page faults.Pure demand paging means the process starts executing with nopages in memory. The first action (getting the first instruction)causes a page fault; the appropriate page is loaded, etc. �.Hardware Support for demand paging. Needed are:¥a page table which can have entries marked invalid via avalid/invalid bit or some special value of protection bits; and¥a backing store for pages not in memory.Performance IssuesLet m a be the memory access time (typically, 500ns - 2ms), and pthe probability of a page fault. Then the effective memory accesstime e m a t is:ma(1—p) + p(page_fault_service_time )What happens on a page fault?1.There is a trap to the operating system.2.User registers and program state are saved.3.The operating system determines that the trap was apage fault trap.4.The operating system checks that the page reference waslegal, and if so determines the location of the page onthe backing store.These first 4 steps (servicing the page fault trap) take 100-1000ms. 5. The operating system initiates a read of the page from thebacking store to a free frame:a. the request waits in the appropriate queue for thedevice;b. it waits for the device seek and rotational latencies;c. the page transfer begins.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 1 6.While waiting for the I/O to complete, the operatingsystem reallocates the CPU to another process.7.When the I/O completes, an interrupt occurs.8. Again, the system saves registers and program state ofthe currently running process.9.The operating system determines the interrupt was fromthe backing store.10.It updates the page table (and other tables) to show thepage is now in memory.These steps (swapping in the page) take approximately 9ms.11.The operating system now reallocates the CPU.12.The appropriate process is restarted.These first 4 steps (servicing the page fault trap) take 100-1000ms.Given an average page fault service time of 10ms, and a memoryaccess of 1ms, the effective memory access time is:effective access time= (1 - p) 1ms + p1 0 m s = (1 - p) + 10000 ms= (1 + 9999p) mswhich means the effective access time is proportional to the pagefault probability. Hence, if p = 11 0 0 0

, thenemat = (1 + 99991 0 0 0

)ms = 1 0 9 9 9 1 0 0 0 ms » 11msthat is, memory accesses are roughly 11 times slower due to demandpaging. To get less than 10% degradation, we need:1.1 ‡ 1 + 9999pWant less than 10% degradation? You need:1 1 1 0

> 1 + 9999p £ p < 11 0 0 0 0 0 or, in words, less than 1 memory access out of every 100,000 canpage fault.Page ReplacementThroughout, once a page has been loaded, it is kept in memory .But this may result in overallocating memory:¥When executing a program, a page fault occurs.¥The hardware traps to the operating system, which sees it ispage fault.¥The operating system determines where on backing store therequired page is.¥But then the operating system cannot find a free frame!!!It can do three things at this point:

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 2 1.Terminate the programproblem: the whole idea behind demand paging is that it should behidden from the user.2.Swap out the process temporarily; more about this later.3.Replace some pages in memory. If there are no free frames, findsome frame not in use and free it (by writing its contents to thebacking store and changing all relevant tables).So now the page fault service toutine becomes:1.Locate the desired page on the backing store.2.Look for a free frame:¥if one is found, use it¥if not, use a page replacement algorithm to selectavictim frame; write the page in this frame (called thevictim page) to the backing store, and update thetables to show this3.Read in the new page, and update the appropriate tables4.Restart the user processIf there are no free frames, two page transfers (one out and one in)are required. To cut down on this overhead, associate with eachpage (frame) a dirty bit in the hardware; whenever any word or byteis written to the page, this dirty bit is set. When a page is chosenas a victim, if its dirty bit is set, write the page out; otherwise,don’t bother.Stepping Back for a MomentNow, virtual memory has become a separation of user logicalmemory from physical memory. The size of a virtual memory is nolonger constrained by the size of the computer’s physical memory;pages can be moved in and out as needed.Of course, virtual memory can also be implemented usingsegments.Problems: The system needs both a page replacement algorithm anda frame allocation algorithm.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 3 Page Replacement Algorithms

A reference string is this string of memory references.example: consider the string of memory references on a system with100-word pages:100, 432, 101, 612, 102, 103, 104, 101, 611, 102, 103This produces the reference string1 4 1 6 1 6 1A l g o r i t h m s First In First Out (FIFO)This algorithm selects the oldest page for removal.Optimal (OPT, MIN)This algorithm selects the page which won’t be used for the longestperiod of time.Least Recently Used (LRU)Associate with each page the time of last use; then this algorithmreplaces the page not used for the longest period of time.Stack AlgorithmsThese are a generalization of the LRU algorithm; a stack algorithm isone for which the set of pages in memory for n frames is a subset ofset of pages which would be in memory for n + 1 frames. LRU is astack algorithm, as is OPT.LRU is too expensive to implement without hardware assistance -either using a stack or counters which are updated for everyreference. Interrupts would have to occur at each reference, whichwould increase effective memory access time by a factor of 10 (atleast). So � approximate it using other stack algorithms!In all of these, whenever a page is referenced (read or write), thehardware sets a bit (called the used bit or reference bit) associatedwith each page. This is used to determine which pages have beenused and which have not been used.example: Associate with each page a set of n bits (called an agingregister). The high-order bit of this register is the use bit. Atregular intervals, shift the register right one bit (losing the low-order bit). Hence each page has the last n use bits as a history. Toreplace the page referenced furthest in the past, replace the pagewith the lowest number in its associated aging register.Clock, Second Chance

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 4 Whenever a page is referenced, the use bit is set. When a pagemust be replaced, the algorithm begins with the page frame pointedto. If the frame’s use bit is set, it is cleared and the pointeradvanced. If not, the page in that frame is replaced. (If the pagesare kept on a circular list, it’s �clock;� otherwise, it’s �secondchance.�)Least Frequently Used (LFU)A count of the number of references to a page is kept; the page withthe smallest count is chosen to be the victim.Most Frequently Used (MFU)This is just like LFU, but selects as victim the page with the largestcount, on the theory that the page with the smallest count has justbeen brought in and is waiting to be used.Not Used Recently (NUR, NRU)This essentially uses the second chance algorithm based on the usebits rather than the time the page is brought in. Consider the use bitand the dirty bit (which is set whenever the page is written to) asforming 4 classes (the first number is the use bit, the second thedirty bit). The classes are ordered as follows:(0,0) ¥ class 0; (0,1) ¥ class 1; (1,0) ¥ class 2; (1,1) ¥ class 3Pick a victim from the lowest numbered class. When a page isbrought in, all use bits are cleared.example: see handoutSecond-Chance CyclicThis is like NUR but without the randomness. Use the same classes,but instead of selecting randomly, advance a pointer as in the clockalgorithm. The class of the page the pointer is pointing to tellswhat to do:classa f t e r (1,1)(0,1)(1,0)(0,0)(0,1)( 0 , 0 ) * (0,0)select this pageexample: see handout

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 5 Ad Hoc Techniques for Improving Performance

The system can keep a pool of free frames. When a process needs apage, the page in read into a free frame in the pool before the victimis written out, and when the victim is written out its frame is addedto the free frame pool.¥The process need not wait for the victim to be written out;¥The system can do I/O periodically rather than on each pagereplacement (for example, when the number of free frames fallsbelow some threshhold); in this case, if a page is needed but hasnot yet been written out, its frame can just be removed from thefree frame pool and reused (that is, no I/O needed). The VAX/VMSoperating system uses this technique to improve FIFO by reducingI/O.¥If the paging device is idle, find pages with the dirty bit set,write them out, and then clear the dirty bit.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 6 Page Allocation Algorithms

Several strategies are possible:¥Use all frames before replacing pages;¥Keep some free frames reserved so that when a page fault occurs,a page can be brought in while the victim is being chosen.Problem with demand paging and multiprogramming: How does thesystem allocate frames to a process?¥The most frames a process can get is all of them!¥The least frames a process can get is defined by the architecture:As a page fault causes the current instruction to restart, thisgives a bound on the maximum number of pages a singleinstruction can referenceexample: PDP-8: 1 memory address/instruction, so the minimumnumber of frames per process is:¥1 frame for the instruction¥1 frame for the address, which may be an indirect address(pointer), so �¥1 frame for the value pointed to by an indirect addressfor at most 3 frames per instruction, and therefore at least 3frames per process.example: PDP-11: 2 memory addresses/instruction, as aninstruction may be longer than 1 word; so the minimum number offrames per process is:¥2 frame for the instruction¥1 frame per address, which may be an indirect address(pointer), so �¥1 frame for the value pointed to by an indirect addressfor at most 6 frames per instruction, and therefore at least 6frames per process.example: Data General Nova 3: this allowed multiple levels ofindirection. Each16 bit word has 15 bit addresses and 1 indirectbit, so the indirection could go on forever! The engineersmodified the architecture to allow at most 16 levels ofindirection, so each address requires at most 17 frames.Global or Local Frame Allocation¥Global allocation: frames for replacement pages are taken fromthe set of all frames grab replacement from set of all frameProblems:( 1 ) The program does not control its own paging behavior( 2 ) The program may perform very differently due to externalfactors.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 7 ¥Local allocation: frames for replacement pages are taken fromthat process’ set of frames£ the number of frames allocated to a process does not changeEqual Allocation: if there are m frames and n processes, eachprocess gets mn framesProportional Allocation: Suppose the size of a process’ virtualmemory is si, and let S be the sum of all si. Then process pi getssimS frames.example: The system has 2 processes, one with a virtual memoryof 10K and the other with 127K, and there are 62 free frames.¥Under equal allocation, each process gets 31 frames¥Under proportional allocation, the first gets 10·6 2 1 3 7

= 5, andthe second 127·6 2 1 3 7

= 57 frames.Note that if the degree of multiprogramming goes up, eachprocess losses frames, but if it drops, each process gets moreframesProblem: all processes aretreated equal regardless of prioritySolutions:( 1 ) use a proportional allocation scheme based on priorities or acombination of sizes and priorities( 2 ) allow a high priority process to take frames from a lowpriority process and use them for replacement.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 8 T h r a s h i n g

Thrashing occurs when a process spends more time paging thanexecuting. A prime cause is that the set of pages needed to avoidfaulting for every page will not fit into the process’ set of pageframes.Suppose the operating system monitors CPU utilization and bringsin a process if the degree of multiprogramming is too low. Onescenario, on a system using a global page replacement algorithm, is:( 1 ) a process needs more frames, and gets them from otherprocesses;( 2 ) those other processes begin page faulting, and queueing for thepaging device;( 3 ) the ready queue empties;( 4 ) CPU utilization drops;( 5 ) more processes are brought in, and they grab pages fromexecuting processes;( 6 ) more processes queue up for the paging device;�The throughout plunges. Processes pages, but do no work, and theeffective memory access time increases.

degree of multiprogramming

CPU utilization thrashing

A local replacement algorithm will limit the effect of pagefaulting to one process, but increased contention for the pagingdevice increases effective memory access time for all processes.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19993 9 Principle of locality

As a program runs, it moves from locality to localityThat is, references tend to be grouped.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19994 0 Working Set Model

Let the current time be t. T h e n W(t, t) = { pages referenced in last t time units }where t is the window size , or the size of the working set (atuneable parameter).example: see handout.This ties process management to memory management via theWorking Set Principle:A process may execute only if its working setis resident in main memory. A page may notbe removed from main memory if it is in theworking set of an executing process.Properties:( 1 ) the size of a working set can vary:1 < |W(t, t)| < min(t, number of pages in process)( 2 ) W(t, t) v W(t, t+1), so working set is a stack algorithm.

Typically, the working set of a process undergoes periods offairly consistant size alternating with periods of larger size (as theprocess moves to a new locality):

WS sizet i m e stablestablestablet r t r t r t r changes in Working Set size over timetr = period of transition from one locality to anotherstable = period in one localityThe stable periods account for usually 98% of the process time; theremaining 2% has half of all page faults. During transitions, thefault rates are 100-1000 times more than in the stable range.Ideally, t is large enough so the working set contains all pagesbeing frequently accessed, and small enough so that it contains onlythose pages. A typical value is t = 0.5 sec.Implementation: It requires an accurate virtual clock. Whenever apage is accessed, the current time according to that clock is

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19994 1 recorded in the page table. The working set contains all pageswhose access time is within t of the present time.Problem: Too expensive.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19994 2 Working Set Approximations

All try to approximate membership in the working set byexamining what pages have been referenced since the last page faultor last few faults. The algorithms differ in the way they examinethe pages in the system to decide how to do this approximation.WSCLOCKWith this algorithm, use a clock type scan through the frametable. A page fault in any process starts the scan.¥use bit set:Clear it and store the virtual time of the process owning the pagein that frame in a referenced time field; this is an approximationof when the page was last referenced.¥use bit clear:Compare current virtual time of the process owning the page inthat frame in a referenced time field; if the difference is morethan t, the page is not in the process’ current working set and canbe removed.If no page can be removed, swap out a processWorking Set Size (WSS)The memory manager maintains estimates of the sizes of workingsets rather than the number of pages in it. When a process isbrought in by the medium (or long)-term scheduler, the working setsize is estimated by counting the number of pages recently accessed(for example, by looking at the use bits in the process page table)and the process does not go onto the ready list until that many page frames are available.Page Fault Frequency (PFF)This bases decisions about membership in the working set on thefrequency of page faulting. In effect, it computes the working set ateach page fault, rather than continuously. Define a (tunable)parameter p. At each page fault, compare the time since theprevious page fault to p:¥if this time is smaller than p, the page is added to the workings e t ; ¥if this time is larger than p , remove from the working set allpages not referenced since the previous page fault.Implementation: on each page fault, clear all use bits.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19994 3 Other Considerations for Paging

PrepagingWhen a process is started (or restarted) try to bring into memoryat one time all the pages that will be needed. THis will reduceinitial faulting considerably.example: for Working Set, keep a list of pages in the current workingset with each swapped-out processCost tradeoff: some prepaged pages may not be used. Does this costmore than servicing the interrupts caused by faulting?I/O interlockIf doing DMA from a device to a buffer in the user’s memory, apage may need to be locked into memory; such a page cannot beswapped out!Solutions:(a)Do all I/O to system memory and then copy to the user buffer.(b)Associate a lock bit with each page; if set, that page stays inmemory. This bit can also be used to prevent replacement ofpages belonging to a process just swapped in but not yetexecuted.example: when a process is brought in (eg. after a page fault)and is on the ready queue, a higher priority process whichchrrently has the CPU may page fault, and take a frame from thenewly-arrived lower priority process (those are not used in awhile, and are not dirty). But if those have the lock bit set, thenthey will not be selected as victims.Page SizeIf a machine exists, you rarely have a choice of page sizes, but ifyou are designing a new machine, you want to pick a good page size.Considerations:¥the size of the page table is inversely proportional to the pagesize.example: if the size of virtual memory is 222 words, the systemcan have 214 pages of 28 words or 210 pages of 212 words.As each active process needs a copy of the page table, thisconsideration means large page sizes are better.¥memory utilization is better with smaller page sizes as there isless internal fragmentation.¥the time to read/write a page is less with larger page sizes asthere is only one seek (or rotational) latency involved. As this

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19994 4 dominates transfer time, you want to make the page size big, sothe system only does one wait for the device to be positioned.¥reducing total I/O means we want the page size to match the sizeof the program’s (typical) locality, so we only have to bring in thememory actually used; hence a smaller page size means less istransferred.¥reducing the rate of page faults means that there is less timeservicing interrupts, doing I/O related to paging, etc., and a largepage size cuts this down.Some systems allow more than one page size!example: GE 645 allows pages of either 64 or 1024 words; the IBM370 allows page sizes of 2048 or 4096 words.Program StructureTaking paging into account can improve program performance,especially when arrays are involved. Say page size is 1024:for (j = 0; j < 1024; j++)for (i = 0; i < 1024; i++)array[i][j] = 0;does array[0][0]�array[1][0]�C stores arrays by rows, so there will be one row per page and, inthe worst case, 10242 = 1048576 page faults. Writingarray[j][i] = 0reduces this to 1024 page faults in the worst case.Data StructuresSome (eg., stack) have good locality and are well suited forpaging. Others (eg. a hash table) do not have good locality.Arrangement of Routines During LoadingRoutines which call each other many times might be loaded on thesame page to reduce page faulting.

ECS 150 (Operating Systems)Memory ManagementSpring Quarter 19994 5 Storage as a Hierarchy

Magnetic Tape LibraryDisk DrivesBacking StoreMain MemoryCacheRegistersThroughout, often-referencedinformation is moved into aquicker (lower) level of thehierarchy.Atlas used core memory asa cache, and paging was usedto implement cachemanagement.

This also leads to the notion of automatic archiving.