Handout &6

C5152 Computer Architecture and Design
Directory-based Cache Coherence Protocol 4/23/2009

Before infroducing a directory-based cache coherence protocol, we make the folloswing
assumptions about the interconnection netswork:
* Message passing 15 reliable, and free from deadlock, livelock and starvation. In other

words, the transfer latency of any protocol message 1s finite.
s Messape passing 15 FIFO. That 1s, protocol messages with the same source and

destination sites are always received in the same order as that in which they were 1ssued.

Cache states: For each cache line, there are 4 possible states:

» (C-invalid (= Nothing): The accessed data is not resident in the cache.

» (C-shared (= 5h): The accessed data is resident in the cache, and possibly also cached at
other sites. The data in memory 1s valid.

s (-modified (= EX): The accessed data 15 exclusively resident in this cache, and has been
modified. Memory does not have the most up-to-date data.

» (C-transient (= Pending): The accessed data iz in a transient state (for example, the site
has just 1ssued a protocol request, but has not received the corresponding protocol reply).

Home directory states: For each memory block, there are 4 possible states:

* R{dir): The memory block 15 shared by the sites specified in dir (dir 1s a set of sites). The
data In memory 1s valid in this state. If dir 1s empty (Le., dir = &), the memory block 1s
not cached by any site.

s  Wi(id): The memory block 1s exclusively cached at site id, and has been modified at that
site. Memory does not have the most up-to-date data.

* T;(dir): The memeory block is in a transient state walting for the acknowledgements to the
invahdation requests that the home site has 1ssued.

* T..(1d): The memory block 15 1n a fransient state waiting for a block exclusively cached at
site id (1.e_, 1n C-modified state) to make the memory block at the home site up-to-date.

Protocol messages: There are 10 different protocol messages, which are summanzed in the
following table (their meaning will become clear later).

Category Messages

Cache to Memory Requests ShReqg, ExReq

Memory to Cache Requests WbReq, InvReq, FlushReq

Cache to Memory Responses | WoRep(v), InvRep, FlushRep(v)
Memory to Cache Responses | ShRep(v), ExRep(v)
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No | Carrent State Handling Message MNext State Dequene Action

: Message?

1 | C-nothing Load C-pending Mo ShEeq(id Home a)

2 | C-nothang Store C-pending Mo ExPeq(1d Home,z)

3 C-nothang WhbReqg(a) C-nothing Yes MNone

4 C-nothang FlushReg(a) C-nothing Yes MNone

5 | C-nothang InvReqg(a) C-nothing Yes Mone

& | C-nothung ShRep (a) C-zhared Yes updates cache with prefetch data

7 | C-nothung ExRep (a) C-sncluzive | Yes updates cache with data
(C-shared Load C-zhared e Fieads cache

& | C-zhared WbReq(a) C-zhared s Mone

10 | C-shared FlushReq(z) C-nothing e InvFep(id, Home, a)

11 | C-shared InvReqg(a) C-nothing Yas InvFep(id, Home, a)

12 | C-shared ExRepia) C-excluzive Yes MNone

15 | C-zhared (Woluntary Imvalidate) C-nothing MA InwFep(1d, Home, a)

14 | C-enclusmve Load C-encluzive | Yes reads cache

15 | C-exclusrve Store C-excluzive | Yes writes cache

16 | C-exclusmve WhbReq(a) C-zhared Yas WhEep(id, Home, data(z))

17 | C-exclusrve FlushReq(z) C-nothing Yes FlushFep(id, Home, data(a))

15 | C-exclusrve (Woluntany Writeback) C-zhared MA WhEep(id, Home, data(z))

19 | C-exclusrve (Woluntany Flush) C-nothing MA FlushBep(id, Home, data(a))

20 | C-pending WhbReqg(a) C-pending Yes MNone

21 | C-pending FlushReqg(a) C-pending Yes MNone

22 | C-pending ImvReqg(a) C-pending Yes Mone

23 | C-pending ShiRep(a) C-zhared Yas updates cache with data

24 | C-pending ExRepia) C-excluzive Yes update cache with data

Table H12-1: Cache State Transitions
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No. | Current State Messape Received Next State Dequeus Action
Message?
1 Ridir) & (dir = £) ShReq(a) R{{id}) ez ShBep{Home, 1d, data(a))
2 Ridir) & (dir = =) ExReqia) Wiad) Yes ExFep(Home, 1d, datala))
3 Ridir) & (dir = £) (Woluntary Prefetch) R{{id}) NA ShBep{Home, 1d, data(a))
4 Ridir) & (1d [] dar) ShReq(a) Ri{dur + {1d}) Yes ShBEep{Home, 1d, data(a))
& (dir # £)
5 Ridir) & {ad [] dar) ExReqia) Tri{dir) No ImvReg{Home, d, a)
& (dir # £)
G Ridir) & (ad [] dar) {(Woluntary Prefetch) Ridar + {1d}) NA ShBep{Home, 1d, data(a))
& (dir # £)
7 Ridir) & {dir = {ad}) | ShReqga) Ri{dar) Yes MNone
i Ridir) & (dir=1ad}) | ExReqg(a) Wiad) Yes ExFep(Home, 1d, data(a))
0 Ridir) & {dir = {ad}) | InvRep(a) Ri=) Yes MNone
10 | Ridir) & (ad [] dax) ShReq(a) Ri{dar) Yes None
& (dir # {1d})
11 Ridir) & (ad [] dar) ExReqia) Tr{dir-{3d}) No ImvReq{Home, dir - {1d}, &)
& (dir # {1d})
12 | Ridir) & (ad [] dax) InvRep(a) Ridir - {ad}) es None
& (dir = {1d})
13 | wid') ShReq(a) Taw(ad’) No WhEReq{Home, 1d’, &)
14 | Wid') ExReqia) Taw(ad’) No FlushFeq(Home, :d’, a)
15 | Wiad) ExReqia) Wad) Yes None
16 | Wiad) WbRepia) R{{id}) Yes data -> memory
17 | Wiad) FlushRepi(a) Ri=) Yes data -> memory
18 | Tr{dar) & (2d [] dir) InvRep(a) Tri{dir - {1d}) Yes MNone
19 | Tr(dir) & (1d [] dir) InvRep(a) Tri(dir) ez None
20 | Twind) WhRep(a) R{{id}) Yes data-> memory
21 | Twind) FlushRepi(a) Ri=) Yes data-> memory

Table H12-2: Home Directory State Transitions, Messages sent from site id




