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Topic Notes: Memory Hierarchy

Our next topic is one that comes up in both architecture amuating systems classes: memory
hierarchies.

We have thought of memory as a single unit — an array of bytegais. From the perspective of
a program running on the CPU, that’s exactly what it looks.like

In reality, what we think of as “main memory” is just part of @farchy:

Small, fast, expensive

Main Memory

/Disk/Virtual Memory\

/Tape, Remote Access, etc.\ Large, slow, cheap

We have already considered how the use of registers is elifférom main memory, in particu-
lar for the MIPS ISA, where all computation must operate olues from, and store results in,
registers.

From P&H, we have the technologies, access times, and ®st2808 for these types of memory:

| Technology| Access time| Cost per GB|

SRAM 0.5-2.5 ns | $2000-$5000

DRAM 50-70 ns $20-75
disk 5-20 ms $0.20-$2

Note in the last line that this is the equivalent of 5,000,6020,000,000 ns.

We will consider:

o the layer (or layers, in most cases) @dche faster memory between registers and main
memory

e virtual memory which allow us to pretend to have more memory than we reaeltby
using disk space to store parts of memory not currently in use
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Caches

We have noted from time to time in the course that memory acisesery slow compared to
registers and the ALU.

In reality, the difference between processor speeds andonyespeeds is even greater than we
have considered and growing.

e For decades, CPU performance (clock speed) doubled evezy h@nths
e Memory speeds have increased linearly, at best

e Improvements in memory technology have focused on inccedsasity rather than speed:
address space increases by 1.5 bits per year—a factor oévery 18-24 months
Early vonNeumann architectures could rely on memory priodua value nearly as quickly as the
CPU could operate on it. Today, we are very far from that.

Caches help keep the necessary values close to the CPU fordestss:

e A small, fast memory is placed between the CPU and main menfikejy(multiple levels)

e whenever a value is needed for an address, we first look fortlta cache — only if it is not
there do we look to main memory and copy it to cache

e when we write a value, we write it to cache, then update it imowey later, concurrently
with other computations

¢ terminology: data found in cache isache hit not found is acache miss

Our goal is to avoid memory accesses as much as possible.

The cache is amssociative memorywhere we can look up a memory value by its address in a
table.

Cache —

key value

V>

Y

CPU Memory (slow!)

A
Y
A
Y

JE— Associative
memory

The key is the address, value is the contents of memory aatithess.

When the CPU makes a memory request, the cache needs to fingbtbprgte value very quickly.
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Ideally, we can look up the etries that match the key insgantl

Realistically, there is a hash function that maps addresseset of possible cache entries

Depending on the hash function, we may or may not need to gterkey itself in the cache

The hash function depends on how we organize the cache

Generally there is an organization irltnes of cache — groups of addresses that are stored
(and read/written) in the cache together

— typical: 16 or 32 bytes

— this works well with the idea of a wider memory bus (recallcdission when we built
memory circuits and organized it into banks) — it is very ament if the memory can
read/write cache-line size chunks

Direct Mapped Caches

The first cache organization we consider allows for direceas to a cache line from memory by
breaking the address down into three parts:

101 10111 1011

e the first chunk is the key
¢ the middle chunk is the cache line (@che addreser indeX

e the last chunk specifies the entry within the cache line

In this case, we would have 16 addresses per line in the cante32 lines of cache.

é of our memory actually fits in cache, but each address, ifiitibe cache, is in a specific location.

e we need only check if the entry at the desired line is the Aetddress we want — this is a
fast comparison

o if the desired line is currently in the cache, we just use it
¢ if not, we have to go get it, evicting the old value from theleatine

o if we repeatedly use values from two different parts of mgntbat happen to map to the
same cache line, we will have a lot of cache misses

Fully Associative Caches
Here, a cache entry is not restricted to a single locatiofadt it can be in any line.

We break our address into only two chunks for a fully assa@atache:

3



CSCI 2500 Computer Organization Spring 2009

10110111 1011
The key is all bits above the number of bits to specify an ewitlin a line.

¢ when looking up, we have to cheekeryentry in the cache to see ifit’s in there
¢ this sounds like a search (think: expensive), but we canllaudircuit for this
o if we find it, use it, otherwise, we need to go get it

e But then which line do we replace? It can go anywhere!
We can consider many approaches to select a “victim” fortenc-

LRU — least-recently used

LRU approximations

random

saturating counters — keep track of frequency of recerassc
replace non-dirty (unmodified) lines

ok~ bR

The decision must be fast but a poor decision will lead to la@otache miss in the near
future — also expensive

e we are much less susceptible to an unfortunate accessrpattepared to direct mapping
since the associativity means flexibility

Set Associative Caches

In between the other approaches — each address maps to astwdlpossible lines.

o for 2-way, each address could be in one of two places

e easier to check than in the fully associative case, but if eeuaing 3 or 4 lines repeatedly,
we will end up with lots of cache misses

e Dbut still better off than the direct mapped

We will almost definitely do lookups in parallel, as in thisvéy example:
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There are tradeoffs and all three approaches (and varivels lef associativity within set associa-
tive) are really used.

Cache Discussion

There are three ways that a memory value will fail to be foundache:

1. acompulsorymiss—the first time a value is needed, it must be retrieve freemory

2. aconflictmiss—since our last access another value that maps to theecsahe location has
evicted the value we want

3. acapacitymiss—the value we want has been evicted not because of d daeflict, but
because it was the least recently used value

Notice that, looking at a stream of memory references, itiffecdlt to identify the reasons for
misses; they are equally difficult to avoid.

See diagrams of cache organization for direct-mapped (€i5Lr) and 4-way set associative (Fig-
ure 5.17).

Some cache statistics:

e Most primary caches hold a small amount of data—8 to 32K bytamazingly this value
has been fairly constant for 40+ years

e a good primary cache delivers better than 95% of requests

— Why? Locality, locality, locality.

— Spatial localityandtemporal locality— it's why caches work so well (and why com-
puters are anywhere near as fast as they are today giverstregincy between CPU
speeds and memory speeds)

— spatial locality: when we access a memory location we’reljiko access other items
in nearby memory locations in the near future (groups ofllgadables, arrays, code
for a subroutine or loop)

— temporal locality: when we access a memory location, wéedyl to access that loca-
tion again in the near future (code in a loop, loop index ouaunglator variables)

e Mmissing 2% of requests on to a memory that is 50 times slower i(as often much worse)
means the average access time % + 0.02 « 50 = 1.98 cycles, or half of the desired speed
—we must have a highit rate (i.e., lowmiss rat@

e Secondary (and tertiary) caches can be effective at reguaiss rate, but they must be much
larger: secondary caches might be 256K bytes or largergwitiary caches are measured
in megabytes
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Comparing the cache organizations:

Fully Associative is much more flexible, so the miss rate ballower

Direct Mapped requires less hardware (cheaper) and willzdsfaster!

Tradeoff of miss rate vs. hit time

Levels of associativity are the compromises
Consider this extreme example:

for (i=0;i<10000;i++) {
a[i] = a[i] + a[i+64] + a[i +128];
a[i +64] = a[i+64] + a[i+128];

a[i],a[i+64] anda[i +128] belong to the same set for a direct-mapped cache with 64 en-
tries, but if we instead organize as a 4-way set associatiobe; we're OK, since we can hold all
3 in the cache at the same time.

Cache management

e instructions are read-only — motivation fbliarvard cache, where data and instructions are
separated

— avoid need to worry about write policies (see below), attleasnstructions

data is mutable (usually) — need to keep tracKidly lines — those that have been changed

if a value has changed, it must be written back to memory same (at least before it gets
evicted)

the line never changes, no need to write it back — avoid urssace writebacks?

Write policies:
— Write-through — memory is always written back but usuallyyomhen the MMU is not
otherwise busy
— Write-back — memory is updated only when the line is evicted
— probably need some sort of “write queue” in either case
— and what if you write before you read? (variable initialina)

x read it into the cache first?
x perhaps “write-around” for writes to lines not in cache?
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x how likely are we to be reading them soon anyway?

e Another techniquevictim cache

a place to keep recently evicted lines

these are good candidates for reinsertion

at least keep them here until written back

especially useful for direct-mapped caches, can benefitsseiciative caches

Multiprocessor issues —cache coherency

For example, the Power 4 architecture has 4 cores, eachtwitivh L1 cache, but the 4 share an
L2 cache

e ifalineisin 2 L1 caches, how do we mantain consistency?

e dolinesin an L1 also existin L2?

This topic would be investigated extensively in an advararetiitecture course (and somewhat in
operating systems).

Handling Cache Misses in the Datapath and Control

When we have a cache hit, our datapath and control (be it seygle or pipelined) works as we
saw previously.

In the case of a cache miss, a requested memory value (istrur data) is not immediately
available. We must wait an appropriate amount of time fonidlee to be placed into the cache
before we can obtain the desired value.

The basic idea in either datapath/control approach is tbte&processor when a cache miss is
detected. We wait for the memory values to populate the gp@te cache line, then restart the
instruction in question.

The processor can continuously attempt to fetch the valtiéitiworks (it's a hit). During this
time, bubbles are inserted into the pipeline.

Virtual Memory

Another place caching is very common is to use main memorycaslae for data being read from
and written to a disk. Main memory is slow compared to regsstend cache, but is very fast
compared to disks (where we have to wait for *gasp* actuallraeical parts).

But we’ll now consider just the opposite — the use of disk toest@lues that we want to pretend
exist in main memory, but for which there is not enough maimuosy.
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When the memory requirements of a program (or the sum of tharesgents of the many pro-
grams which may be running on a system) are larger than plysiemory, we depend on this
idea —virtual memory

We will just consider the basics — look forward to Operatirygt®8ms for a more thorough discus-
sion.

e Programs generate (that is, the CPU puts onto the addreswmbics)l addresses

e Each program in a multiprogrammed environment may haventsprivateaddress space

e Even a single program can have a larger address space thawveitadble physical memory

e Basic goal: assign logical addresses to physical addresaes|ate logical addresses to
physical addresses when accessed

e Logical memory is broken intpages usually around 4K in size, often stored on secondary
store (disk)

e Pages are brought infamesof physical memory of the same size

physical logical
memory memory
(frames) (pages)

e Operating system keeps track of a map callpage table



CSCI 2500 Computer Organization Spring 2009

frame
number
page 0 ]
0
page 1 1 n 1| page0
page 2 2 2
3
page 3 page table 3| page2
logical 4| page
memory
5
6
7| page3
physical
memaory

e Entries in a page table either give a disk address for a neidest page or the information
to translate the logical address to the appropriate phlyatthess

logical physical
addross address 0000 . .. 0000

v [o{7 T [ 1]
!

7111 o111

physical
meamaory

page table

e Accessing a non-resident page causpage fault

— analogous to a cache miss but much more costly (we're tatkiligpns of CPU cycles)

— bring in the page of logical memory into a frame of physicahmoey, possibly displac-
ing a page currently in physical memory

— takes long enough that the OS is likely to let a different psscuse the CPU while the
page fault is being serviced

e Looking up page table entries is expensive (it is, afteraalladditional memory access for
each “real” memory access), and often is supported by dpeidware
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e Specifically, we usually keep a (very) small cache of transta called @ranslation looka-
side buffer (TLB}hat is responsible for servicing a majority of lookup respse

legical
address

cPuU p| d

page frame
numbar numbar

TLB hit

physical
address

TLB

TLE miss

-

|
— physical
memory

page table

A TLB hit is still more expensive than a direct memory accéwé had no paging at all)
but much better than the two references from before.

A TLB is typically around 64 entries: tiny, but good enoughget a reasonable hit rate
(locality is your friend!).

e In large systems, the page table might not be memory residénth leads to things like
multilevel page tables, inverted page tables, and othasidecome back for OS
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