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a: perform Get-Shared

c¢: perform Get-Exclusive

d: send data to requestor

m: send data to memory
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Processor Node
Address network
Mandatory Queue
FIFO
4‘]:[4} Broadcast
Address Network
“ache and Controller [ | [
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TBE Cache
State State Description
1 invalid
Stable S shared
states M modificd
15Ab busy invalid, issued GETS, have not scen GETS or data yet
IsA busy invalid, issued GETS, have not seen GETS, have seen data
1sP busy invalid, issued GETS, have seen GETS, havc not seen data yet
AP busy invalid, issued GETX, have not seen GETX or data yet
Transient | IM* busy invalid, issued GETX, have not seen GETX, have seen data
states mP busy invalid, issued GETX, have seen GETX, have not seen data yet
M1 1 modified, issued PUTX, have not seen PUTX yet
m* 1 modified, issued PUTX, have not seen PUTX, then saw other
GETS or GETX (reachable from MI?)
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Event Description Block B
Load LD at head of Mandatory queue address of LD at head of Manda-
tory Queue
Read-Only Read-Only Prefetch at head of Optional address of Read-Only Prefetch at
Prefetch queue head of Optional Queue
Store ST at head of Mandatory queue address of ST at head of Manda-
tory Queue
Read-Write Read-Write Prefetch at head of Optional address of Read-Write Prefetch at
Prefetch queue head of Optional Queue
Mandatory LD/ST at head of Mandatory queue for address of victim block for LD/ST
Replacement which no cache block is available at head of Mandatory queue
Optional Read-Write Prefetch at head of Optional address of victim block for
Replacement queue for which no cache block is available | Prefetch at head of Optional queue
Own GETS Occurs when we observe our own GETS address of transaction at head of
request in the global order incoming address queue
Own GETX Occurs when we observe our own GETX same as above
request in the global order
Own PUTX Occurs when we observe our own PUTX same as above
request in the global order
Other GETS Occurs when we observe a GETS request same as above
from another processor
Other GETX Occurs when we observe a GETX request same as above
from another processor
Other PUTX Occurs when we observe a PUTX request same as above
from another processor
Data Data for this block from the data network address of data message at head of
incoming data queue
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Action Description

a Allocate TBE with Address=B
c Set cache tag equal to tag of block B.
d Deallocate TBE.
[ Issuc GETS: insert message in oulgoing Address queue with Type=GETS, Address=B, Sender=N.
g Issue GETX:insert message in outgoing Address queue with Type=GETX, Address=B, Sender=N
h Service LD/ST (a cache hit) from the cache and (if a LD) enqueue the data on the LD/ST data queue.
i Pop incoming address queue.
j Pop incoming data queue.
k Pop mandatory queue.
1 Pop optional queue.
m Send data from TBE to memory.
n Send data from cache to memory.
p Issue PUTX: insert message in outgoing Address queue with Type=PUTX, Address=B, Sender=N
q Copy data tfrom cache to TBE.
T Send data from the cache to the requestor
s Save data in data field of TBE.
u Service LD trom TBE, pop mandatory queue, and enqueue the data on the LD/ST data queue if the

LD at the head of the Mandatory queue is for this block.
v Service LD/ST from TBE, pop mandatory queue, and (if a LD) enqueue the data on the LD/ST data

queue if the LD/ST at the head of the Mandatory queue is for this block.
w Write data from data field of TBE into cache
y Send data from the TBE to the requestor.
z Cannot be handled right now.
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# S Shared or Invalid
M Modified
MsA Modified, have not seen GETS/PUTX, have seen data
# MsP Modified, have seen GETS or PUTX, have not seen data
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Event Description Block B
Other Home A request arrives for a block whose | address of transaction at head of
home is not at this memory incoming address queue
GETS A GETS at head of incoming same as above
address queue
GETX A GETX at head of incoming same as above
address queue
PUTX (requestor is | A PUTX from owner at head of same as above
owner) incoming address queue
PUTX (requestor is | A PUTX from non-owner at head same as above
not owner) of incoming address queue
Data Data at head of incoming data address of message at head of
queue incoming data queue
*+E )# +# # #
Vi # + !
# # #
#
# F# 2 3% *+E ) +
Y4
# )# # +
# #
# !
<@ #
+ + #
# # # 1 #
#
6& . & #
# #5 # # ) % "% , 3 &%t &
6 " ! #
+B HH# S
)
+ ## "
$ #
6 6
0 &686&.& 5 o0 #
+ ) # #
# !
04 B
# Y '
- Action | Description
c Set owner equal to directory.
d Send data message to requestor.
2 3 j Pop address queue.
! k Pop data queue.
# m Set owner equal to requestor.
biii w Wrilc data to memory.
# z Delay transactions to this block.
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TBE Cache
State State | Description
I Invalid
S Shared
M Modified
1sAP busy invalid, issued GETS, have not seen GETS or data yet
IMAD busy invalid, issued GETX, have not seen GETX or data yet
sMAD busy shared, issued GETX, have not seen GETX or data yet
1S4 busy invalid, issued GETS, have not seen GETS, have seen data
MA busy invalid, issued GETX, have not seen GETX, have seen data
SMA busy shared, issued GETX, have not seen GETX, have seen data
IR busy invalid, issued GETS, have not seen GETS, have seen nack
IMA* busy invalid, issued GETX, have not seen GETX, have seen nack
SMA busy | shared, issued GETX, have not seen GETX, have seen nack
MIA 1 modified, issued PUTX, have not seen PUTX yet
s 1 modified, issued PUTX, have not seen PUTX, then saw other GETS or GETX
1sP busy invalid, issued GETS, have seen GETS, have not seen data yet
1SP1 busy invalid, issued GETS, have seen GETS, have not seen data, then saw other GETX
IMP busy invalid, issued GETX, have seen GETX, have not seen data yet
IMPs busy invalid, issued GETX, have seen GETX, have not scen data yet, then saw other GETS
MP1 busy invalid, issued GETX, have seen GETX, have not seen data yet, then saw other GETX
IMPsI busy invalid, issued GETX, have seen GETX, have not seen data yet, then saw other GETS,
then saw other GETX
sMmP busy shared, issucd GETX, have scen GETX, have not scen data yet
SMPs busy shared, issued GETX, have seen GETX, have not seen data yet, then saw other GETS
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Event Description Block B
Load LD at head of Mandatory queue address of LD at head of Mandatory Queue
Read-Only Read-Only Prefetch at head of Optional address of Read-Only Prefetch at head of
Prefetch queue Optional Queue
Store ST at head of Mandatory queue address of ST at head of Mandatory Queue
Read-Write Read-Write Prefetch at head of Optional address of Read-Write Prefetch at head of
Prefetch queue Optional Queue
Mandatory LD/ST at head of Mandatory queue for address of victim block for LD/ST at head of
Replacement | which no cache block is available Mandatory queue
Optional Read-Write Prefetch at head of Optional address of victim block for Prefetch at head
Replacement | queue for which no cache block is available | of Optional queue
Own GETS Occurs when we observe our own GETS address ol transaction al hcad of incoming
request in the global order address queue
Own GETX | Occurs when we observe our own GETX same as above
request in the global order
Own GETS Occurs when we observe our own GETS same as above
(mismatch) request in the global order, but the Retry-
Count of the GETS does not match Retry-
Count of the TBE
Own GETX | Occurs when we observe our own GETX samc as above
(mismatch) request in the global order, but the Retry-
Count of the GETS does not match Retry-
Count of the TBE
Own PUTX Occurs when we observe our own PUTX same as above
request in the global order
Other GETS | Occurs when we observe a GETS request same as above
from another processor
Other GETX | Occurs when we observe a GETX request same as above
from another processor
Other PUTX | Occurs when we observe a PUTX request same as above
from another processor
Data Data for this block arrives address of message at head of incoming data
queue
Data Data for this block arrives, but the Retry- address of message at head of incoming data
(mismatch) Count of the data message does not match queue
RetryCount of the TBE
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Action | Description

a Allocate TBE with Address=B, ForwardID=null, RetryCount=zero, ForwardIDRetryCount=zero, For-
wardProgress bit=unset.

b Set ForwardProgress bit if request at head of address queue satisfies request at head of Mandatory queue.

c Sel cache tag equal 1o tag of block B.

d Deallocate TBE.

e Record ID of requestor in ForwardID and record retry number of transaction in ForwardIDRetryCount.

f Issue GETS: insert message in outgoing Address queue with Type=GETS, Address=B, Sender=N, Retry-
Count=zero.

g Issue GETX: insert message in outgoing Address queue with Type=GETX, Address=B, Sender=N,
RetryCount=zero.

h Service load/store (a cache hit) from the cache and (if a LD) enqueue the data on the LD/ST data queue.

i Pop incoming address queue.

j Pop incoming data queue.

k Pop mandatory qucue.

1 Pop optional queue.

m Send data from TBE to memory.

n Send data from cache to memory.

0 Send data and ForwardIDRetryCount from the TBE to the processor indicated by ForwardID.

P Issue PUTX: insert message in outgoing Address queue with Type=PUTX, Address=B, Sender=N.

q Copy data from cache to TBE.

r Send data from the cache to the requestor

s Save data in data field of TBE.

t Copy retry field from message at head of incoming Data queue to Retry field in TBE, set ForwardID =
null, and set ForwardIDRetryCount=zero.

u Service LD from TBE, pop mandatory queue, and enqueue the data on the LD/ST data queue if the LD at
the head of the mandatory queue is for this block.

v Treat as either h or z (optional cache hit). If it is a cache hit, then pop the mandatory queue.

w Write data from the TBE into the cache.

X If (and only if) ForwardProgress bit is set, service LD from TBE, pop mandatory queue,and enqueue the
data on the LD/ST data queuc.

y Send data from the TBE to the requestor.

z Cannot be handled right now. Either wait or discard request (can discard if this request is in the Optional
queue).

o Copy retry field from message at head of incoming address queue to Retry field in TBE, set ForwardID =
null, and set ForwardIDRetryCount=zero.

Y Service LD/ST from TBE, pop mandatory queue, and (if a LD) enqueue the data on the LD/ST data
queue if the LD/ST at the head of the mandatory queue is for this block. (If ST, store data to TBE).

A Optionally service LD/ST from TBE.

) If (and only if) ForwardProgress bit is set, service LD/ST from TBE, pop mandatory queue,and (it a LD)
enqueue the data on the LD/ST data queue.
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State | Description
1 Invalid - all processors are Invalid
S Shared - at least one processor is Shared
M Modified - one processor is Modified and the rest are Invalid
MXA Modified, have not seen GETS/PUTX, have seen data
MSP | Modi fied, have scen GETS, have not seen data
MIP Modified, have seen PUTX, have not seen data
04 7<
Event Description Block B
Other Home A request arrives for a block whose home | address of transaction at head
is not at this memory of incoming address queue
GETS GETS with successful mask at head of address of transaction at head
incoming address queue of incoming address queue
GETX GETX with successful mask at head of same as above
incoming address queue
GETS-RETRY GETS with unsuccessful mask at head of same as above
incoming queue. Room in outgoing
address queuc for a retry.
GETS-NACK GETS with unsuccessful mask at head of same as above
incoming qucuc. No room in oulgoing
address queue for a retry.
GETX-RETRY GETX with unsuccessful mask at head of same as above
incoming queue. Room in outgoing
address queue for a retry.
GETX-NACK GETX with unsuccessful mask at head of same as above
incoming queue. No room in outgoing
address queue for a retry.
PUTX (requestor is PUTX from owner at head of incoming same as above
owner) address queue.
PUTX (requestor is not | PUTX from non-owner at head of incom- same as above
owner) ing address queue.
Data Data message at head of incoming data address of message at head of
queue incoming data queue
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Action | Description
c Clear set of sharers.
d Send data message to requestor with RetryCount equal to RetryCount of request.
j Pop address queue.
k Pop data queue.
m Set owner equal to requestor.
n Send nack (o requestor with RetryCount equal to RetryCount of request.
q Add owner to set of sharers.
r Retry by re-issuing the request. Before re-issuing, the directory improves the multicast
mask and increments the retry field. If the transaction has reached the maximum number of
retries, the multicast mask is set to the broadcast mask.
s Add requestor to set of sharers.
w Write data to memory.
X Set owner equal to directory.
z Delay transactions to this block.
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Action Description
g Set global clock equal to pulse of transaction being handled, and set local clock to zero
h Increment local clock. The timestamp of the LD/ST is set equal to the associated global
and local clock values.
i Set TBE ForwardID pulse equal to transaction pulse.
k Optionally treat as h.
o Set data message pulse equal to TBE ForwardID pulse.
t Set TBE data pulse equal to pulse of incoming data message.
u If first Op in Mandatory queue is a LD for this block, then increment local clock. The
timestamp of the LD/ST is set equal to the associated global and local clock values.
v If first Op in Mandatory queue is a LD/ST for this block, then increment local clock. The
timestamp of the LD/ST is set equal to the associated global and local clock values.
X Il ForwardProgress bit is sct (i.c., hcad of Mandatory Qucuc is a LD or this block), then
no clock update, set global timestamp of LD equal to pulse of incoming data message,
and set local clock value equal to 1.
y Set data message pulse equal to transaction pulse.
Same as x, but allow a LD or ST for this block.
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Processor/Cache Request See Own See Other See Own
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Manual Semi-automated Automated
lazy caching [3]
Alpha 21264 [4,34],
Complete |DASH memory model [14] . .
method Lamport Clocks [31,25,7,17], lazy & snoopy caching [16] |Compaq model checking [29]
Lamport Clocks (this paper),
term rewriting [30]
FLASH coherence [24], Origin2000 coherence [10,9],
Alpha 21364 [4,34] HP Runway testing [13,22],
Incomplete RMO testing [23],
method S3.mp coherence [26],
delayed consistency [28]
Cray SV2 testing [1]
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