Page Tables, Caches and TLBs
Page Tables

Suppoze that we have a two-level page tranzlation zcheme with 4K-byte pages and 4-byte page table entries,
What 1z the format of a 32-bit virtual addrez:7 Roughly sketch out the format of a complete page table,

4 blobvtes = 212 bvtes, which means we need 1.2 bits to address a specific byte within the page. Thiz leaves us with
20 bits we nesd 1o allocaie.

wince a page is 4 kilobvies and a page table entry iz 4 butes, thiz means that we can fit 1024 (210} page table
entriss on a page. Thiz means that we can use 10 bits to reprasent each level in the page rable.

Thusz, the breakdown i asz follovwes:

10 bitz to reference the correct page table eutry in the first lsvel
10 bits to reference the correct page table svtyy in the second leval.
12 bitz to refarence the correct bvte on the plyzical pags.

Suppoze we have a memory system with 32-bit virtual addreszesz and 4 KB pages, If the page table 1= full,
show that a 20-level page table conzume: approximately twice the space of a zingle level page table.

4 klobvtes = 212 byvtas, which means we need 12 bits to addresz a specjfic hvte within the page. Thiz leaves us with
20 bitz we nesd to allocate.

We have 20 bits to work with and a 20-levsl page table. meaning sach level consistz gf two srtries fwhere a ' bit
referenceas the forst vty whils a '1' bit references the second entry). Thus there one-bit in the virtual address for
gach lsvel of the 20-level page table

The number gf total "tables" in thiz inplsmentation iz thergfore:
M+ A e =200-1

Since sach table haz two entries (ons corvesponding to U, ons corresponding 1o 1), this meares that we have a total
gf 2°21 - I entries.

A singls-lsvel pags tabls on the other hand has 220 antrisz, meaning that therve are a fotal qf 220 entriss in such
an implemertation. Thergfore the 20-lsvel page table conzumea: approximarsly twice the space when full.

Show that the above iz not neceszanly true for a sparze page table.

Imagine i we only have ] page of phn=ical memory allocared to a virtual space. Thiz means that we have only 20
tablez, since we just nesd one sntry per level of indivection. Each tabls has 2 entriss, zo we have a total of 40 entriez
Jor owr page table implsmertation.

In the single-level caze, in the sparse memory scemario, we still have 2720 entries allocated, meaning that the 20-
lsvel page table = theorstically good for sparze memory uzage (although 20 memory accesses to dsterming a
tramslation iz still expensive and therefore not practical).

Caching

What are the two principles of locahty that make implementme a caching syztem worthwhile?
wpatial Locality - If I acesss a block of data, I am likely to access blocks qf data next to it in the future. A simple
example = sequerntially reading through an arvay. In thiz scenario, a caching system with a large block zize takes



advantage of spatial locality becauss when I read the first clemerd, | read in seven additional elemenis so that the
HExt seven reads are from the cache and thevgfore fast

Temporal Locality - If I have accessed a block of data before, I am likely to access this block of data again. A simple
sxampls = [f ] have a pisce of code that constantly references/updates a global counter,

Lizt and (briefly) deseribe three zources of cache miszes,
Compulsorv Mizs (Cold Start) - The very first tims I load a program, I am going to gst a cache mizz since I have to
load it in. The code had to be put into the cache at soms point.

Collizion Mizs - [f I om wsing a dirsct-mapped cache (where the indsx = determined by %6 4), then a bock from
mawmory addrass x will be placed imto the same index as a block from memory addrezs x — 4. This means that I am
Jorced to evict the old entrv (x) in_favor of (x + d), even [ my cache is not ver full. Fullv-azzociative caches do not
suffer from thiz problem, bur thev are mors expenzive fo implement because I have to compars with all the entriss in
the cachs if I am tying to detsvriins whether a block of data exists in it

Capacity Mizs - The cache = full and to store another entry in it, I have to evict a previows snirg

Coherence Mizz - I have a valus ' in the cache, but the value of X" in memory haz been updated meaning that the
value stored in my cache iz now out gf date. This cam ocew with mudtiple CPUT or Direct Mamovy Access (DIAMA).

True or Falze: When looking up an entry in the cache, it i= not sufficient to find a matching index.,

True. Look at the explanation for Collizion Mizz: Fwo differentt addreszes (x, x T 4) hash to the same indsx.
Thergfore jf ] am looking for x and I zee an entrv in the cacke, that does not mean that the entrv covresponds tox - it
could correspond to x + 4.7 Tou nesd 1o check the "tag” (which comtainz the rest of the bits qf the virtual address) to
maks swre that the svtyy located ar the indsx is the ons vou really want,

What are the advantages / dizadvantages of uzing a Fully Azzociative Cache?
Advantags: Collizion hits ars non-sxiztent since a cachs entrv can be placed amwhers.

Dizadvernage: More sxpansive to implament becawuss to search for an entry we have to search the entive cache. Thiz
search s domne in paralls], but thiz requires a lot gf extra hardware.

Briefly explain the difference between a write-through and a write-back cache.

A write-through cachs will write the value bark to memory when it changes. For example if the value X' iz stoved in
the cachs and I increment it by ons, then the mcremented value s writien to the cache and to plysical memory as
wall

A write-back cache will only vrits the valus back o memory whean ths entry is evicted from the caches (sithsr dus fo
a Collizion or a Compulsory mizz).

Translation Lookaside Buffers (TLEs)

True or Falze: TLBz are organized az a directhy-mapped cache to maxmize efficiency.
Falze: A TLB mizz iz costlv 50 we want 1o reduce the chance gf one. We can do thiz by wsing a fullv-associative
cache, which eliminates the possibility of a Collizion mizs.

True or Falze: The TLE in Nachoz needs to ahvayz be invalidated on every context-switch.
Trus: Otherwise a different process ID could obtain a trarciation to a different process’ virtual pags mumber (md
thergfore phyzical memory that doers not belong to i),



What are the dizadvantages of uzing the higher order bitz to index mto a TLB?
For verv small prograns, all the memory addreszez would kazh to the same index in the ILE, creating ¥a lot* of
collisiomns.

What are the dizadvantases of uzing the lower order bits to index into a TLB?
The first page qf the cods, stack and hsap could map to the sams indsx in the TLE, causing a lot of collizions
(initially)

Moral of the storyv: TLBs use *some® level of aszociativity fo avoid collisions in the above two scenmios.

What iz the effective access time for TLE with 50% hat rate, 20ns TLE access time and 100 nz Memory access
time (azzume two-level page table that iz not in L1 cache)?

0820 +02200+ 20 =10+44 =00 n=

The first term: There = an 80% chance we only need 1o spend 20vs to obtain the translation

The sscond term: In the 20% chance we get a TLE mizz, we reed to traverse hwo poirders to get the trarslation and
then populate the svtry in the TLE.



