








































































































































































































SEC.3 THE STORAGE PIPELINE 65

and completes the StorageRAM cycle (§ 3.1.3). READTRI and READTR2 transport the data, control
the error corrector, and deliver the data to FastOutBus (§ 3.1.5). Fault reporting, if necessary, is
done by READTR2 as soon as the condition of the last quadword in the block is known (§ 3.3).

It is clear from Figure 7 that an 1/ORead can be started every eight machine cycles, since this is the
longest period of activity of any stage. This would result in 530 million bits per second of
bandwidth, the maximum supportable by the memory system. The inner loop of a fast 1/0 task can
be written in two microinstructions, so if a new 1/ORead is launched every eight cycles, one-fourth
of the processor capacity will be used. Because ADDRESS is used for only one cycle per 1/ORead,
other tasks—notably the emulator—may continue to hit in the cache when the 1/0 task is not
running.

1/OWrite(x) writes into virtual location x a block of data delivered by a fast input device, together
with appropriate Hamming code check bits. The data always goes to storage, never to the cache,
but if address x happens to hit in the cache, the entry is invalidated by setting a flag (§ 4). Figure
8 shows that an 1/0Write proceeds through the pipeline very much like an 1/ORead. The difference,
of course, is that the WRITETR stage runs, and the READTR1 and READTR?2 stages, although they run,
do not transport data. Note that the write transport, from FastinBus to WriteBus, proceeds in
parallel with mapping. Once the block has been loaded into WriteReg, STORAGE issues a write
signal to StorageRAM. All that remains is to run READTR1 and READTR?, as explained above. If a
map fault occurs during address translation, the write signal is blocked and the fault is passed along
to be reported by READTR2.
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Figure 8 shows a delay in the MAP stage’s handling of 1/OWrite. MAP remains in state 3 for two
extra cycles, which are labelled with asterisks, rather than state numbers, in Figure 8. This delay
allows the write transport to finish before the write signal is issued to StorageRAM. This
synchronization and others are detailed in § 5.

Because WRITETR takes eleven cycles to run, 1/0Writes can only run at the rate of one every eleven
cycles, yielding a maximum bandwidth for fast input devices of 390 million bits per second. At that
rate, two of every eleven cycles would go to the 1/0 task’s inner loop, consuming 18 percent of the
processor capacity. But again, other tasks could hit in the cache in the remaining nine cycles.

3.3 History and fault reporting

There are two kinds of memory system faults: map and storage. A map fault is a MapRAM parity
error, a reference to a page marked vacant, or a write operation to a write-protected page. A
storage fault is either a single or a double error (within a quadword) detected during a read. In
what follows we do not always distinguish between the two types.

Consider how a page fault might be handled. MAP has read the MapRAM entry for a reference and
found the virtual page marked vacant. At this point there may be another reference in ADDRESS
waiting for MAP, and one more in the processor waiting for ADDRESS. An earlier reference may be
in READTRI1, perhaps about to cause a storage fault. The processor is probably several instructions
beyond the one that issued the faulting reference, perhaps in another task. What to do? It would
be quite cumbersome at this point to halt the memory system, deal with the fault, and restart the
memory system in such a way that the fault was transparent to the interrupted tasks. Instead, the
Dorado allows the reference to complete, while blunting any destructive consequences it might
have. A page fault, for example, forces the cache’s vacant flag to be set when the read transport is
done. At the very end of the pipeline READTR2 wakes up the Dorado’s highest-priority microtask,
the fault task, which must deal appropriately with the fault, perhaps with the help of memory-
management software.

Because the fault may be reported well after it happened, a record of the reference must be kept
which is complete enough that the fault task can sort out what has happened. Furthermore,
because later references in the pipeline may cause additional faults, this record must be able to
encompass several faulting references. The necessary information associated with each reference,
about 80 bits, is recorded in a 16-element memory called History. Table 3 gives the contents of
History and shows which stage is responsible for writing each part. History is managed as a ring
buffer and is addressed by a 4-bit Storage Reference Number or SRN, which is passed along with
the reference through the various pipeline stages. When a reference is passed to the MAP stage, a
counter containing the next available SRN is incremented. A hit writes the address portion of
History (useful for diagnostic purposes; see below), without incrementing the SRN counter.

Entry Written by
Virtual address, reference type, task number, cache column ADDRESS
Real page number, MapRAM flags, map fault MAP
Storage fault. bit corrected (for single errors) READTR2

L ________________________________________ . _ ]
Table 3: Contents of the History memory

Two hardware registers accessible to the processor help the fault task interpret History: FaultCount
is incremented every time a fault occurs; FirstFault holds the SRN of the first faulting reference.
The fault task is awakened whenever FaultCount is non-zero; it can read both registers and clear
FaultCount in a single atomic operation. It then handles FauliCount faults, reading successive
elements of History starting with History[FirstFault], and then yields control of the processor to the
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-other tasks. If more faults have occurred in the meantime, FaultCount will have been incremented
again and the fault task will be reawakened.

The fault task does different things in response to the different types of fault. Single bit errors,
which are corrected, are not reported at all unless a special control bit in the hardware is set. With
this bit set, the fault task can collect statistics on failing storage chips; if too many failures are
occurring, the bit can be cleared and the machine can continue to run. Double bit errors may be
dealt with by re-trying the reference; a recurrence of the error must be reported to the operating
system, which may stop using the failing memory, and may be able to reread the data from the disk
if the page is not dirty, or determine which computation must be aborted. Page faults are the most
likely reason to awaken the fault task, and together with write-protect faults are dealt with by
yielding to memory-management software. MapRAM parity errors may disappear if the reference is
re-tried; if they do not, the operating system can probably recover the necessary information.

Microinstructions that read the various parts of History are provided, but only the emulator and the
fault task may use them. These instructions use an alternate addressing path to History which does
not interfere with the SRN addressing used by references in the pipeline. Reading base registers,
the MapRaAM, and CacheA can be done only by using these microinstructions.

This brings us to a serious difficulty with treating History as a pure ring buffer. To read a
MapRraM entry, for example, the emulator must first issue a reference to that entry (normally a
MapRead), and then read the appropriate part of History when the reference completes; similarly, a
DummyRef (see Table 3) is used to read a base register. But because other tasks may run and issue
their own references between the start of the emulator’s reference and its reading of History, the
emulator cannot be sure that its History entry will remain valid. Sixteen references by 1/0 tasks, for
example, will destroy it.

To solve this problem, we designate History[0] as the emulator’s "private” entry: MapRead,
MapWrite, and DummyRef references use it, and it is excluded from the ring buffer. Because the
fault task may want to make references of its own without disturbing History, another private entry
is reserved for it. The ring buffer proper, then, is a 14-element memory used by all references
except MapRead, MapWrite, and DummyRef in the emulator and fault task. For historical reasons,
Ferch, Store and Flush references in the emulator and fault task also use the private entries; the tag
mechanism (§ 4.1) ensures that the entries will not be reused too soon.

In one case History is read, rather than written, by a pipeline stage. This happens during a read
transport, when READTR1 gets from History the cache address (row and column) it needs for writing
the new data and the cache flags. This is done instead of piping this address along from ADDRESS
t0 READTR1.

4. Cache-storage interactions

The preceding sections describe the normal case in which the cache and main storage function
independently. Here we consider the relatively rare interactions between them. These can happen
for a variety of reasons:

Processor references that miss in the cache must fetch their data from storage.

A dirty block in the cache must be re-written in storage when its entry is needed.

Prefetch and flush operations explicitly transfer data between cache and storage.

1/0 references that hit in the cache must be handled correctly.
Cache-storage interactions are aided by the four flag bits that are stored with each cache entry to
keep track of its status (see Figure 4). The vacant flag indicates that an entry should never match; it
is set by software during system initialization, and by hardware when the normal procedure for

loading the cache fails, e.g., because of a page fault. The dirty flag is set when the data in the entry
is different from the data in storage because the processor did a store; this means that the entry
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must be written back to storage before it is used for another block. The writeProtected flag is a copy
of the corresponding bit in the map. It causes a store into the block to miss and set vacant; the
resulting storage reference reports a write-protect fault (§ 3.3). The beingLoaded flag is set for about
15 cycles while the entry is in the course of being loaded from storage; whenever the ADDRESS
stage attempts to examine an entry, it waits until the entry is not beingLoaded, to ensure that the
entry and its contents are not used while in this ambiguous state.

When a cache reference misses, the block being referenced must be brought into the cache. In
order to make room for it, some other block in the row must be displaced; this unfortunate is
called the victim. CacheA implements an approximate least-recently-used rule for selecting the
victim. With each row, the current candidate for victim and the next candidate, called next victim,
are kept. The victim and next victim are the top two elements of an LRU stack for that row;
keeping only these two is what makes the replacement rule only approximately LRU. On a miss, the
next victim is promoted to be the new victim and a pseudo-random choice between the remaining
two columns is promoted to be the new next victim. On each hit, the victim and next victim are
updated in the obvious way, depending on whether they themselves were hit.

The flow of data in cache-storage interactions is shown in Figure 2. For example, a Ferch that
misses will read an entire block from storage via the ReadBus, load the error-corrected block into
CacheD, and then make a one-word reference as if it had hit.

What follows is a discussion of the four kinds of cache-storage interaction listed above.

4.1 Clean miss

When the processor or IFU references a word w that is not in the cache, and the location chosen as
victim is vacant or holds data that is unchanged since it was read from storage (i.e., its dirty flag is
not set), a clean miss has occurred. The victim need not be written back, but a storage read must
be done to load into the cache the block containing w. At the end of the read, w can be fetched
from the cache. A clean miss is much like an 1/ORead, which was discussed in the previous section.
The chief difference is that the block from storage is sent not over the FastOutBus to an output
device, but to the CacheD memory. Figure 9 illustrates a clean miss.

All cache loads require a special cycle, controlled by READTRI, in which they get the correct cache
address from History and write the cache flags for the entry being loaded; the data paths of
CacheA are used to read this address and write the flags. This RThasA cycle takes priority over all
other uses of CacheA and History, and can occur at any time with respect to ADDRESS, which also
needs access to these resources. Thus all control signals sent from ADDRESS are inhibited by
RThasA, and ADDRESS is forced to idle during this cycle. Figure 9 shows that the RThasA4 cycle
occurs just before the first word of the new block is written into CacheD. (For simplicity and
clarity we will not show RThasA cycles in the figures that follow.) During RThasA4, the beingLoaded
flag is cleared (it was set when the reference was in ADDRESS) and the writeProtected flag is copied
from the writeProtected bit in MapRAM. As soon as the transport into CacheD is finished, the word
reference that started the miss can be made, much as though it had hit in the first place. If the
reference was a Ferch, the appropriate word is sent to FetchReg in the processor (and loaded into
- FetchRegRAM); if a Store, the contents of StoreReg are stored into the new block in the cache.

If the processor tries to use data it has fetched, it is prevented from proceeding, or held until the
word reference has occurred (see § S.1). Each fetch is assigned a sequence number called its fag,
which is logically part of the reference; actually it is written into History, and read when needed by
READTR]1. Tags increase monotonically. The tag of the last Ferch started by each task is kept in
StartedTag (it is written there when the reference is made), and the tag of the last Ferch completed
by the memory is kept in DoneTag (it is written there as the Ferch is completed); these are task-
specific registers. Since tags are assigned monotonically, and fetches always complete in order
within a task, both registers increase monotonically. If StartedTag=DoneTag, all the fetches that
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Figure 9: A clean miss

have been started are done, otherwise not; this condition is therefore sufficient to decide whether
the processor should be held when it tries to use FetchReg. Because there is only one FetchReg
register per task, it is not useful to start another Ferch until the preceding one is done and its word
has been retrieved. The tags are therefore used to hold up a Fetch until the preceding one is done,
and thus can be kept modulo 2, so that one bit suffices to represent a tag. Store references also use
the tag mechanism, although this is not logically necessary.

(Instead of a sequence number on each reference, we might have counted the outstanding
references for each task. This idea was rejected for the following rather subtle reason. In a single
machine cycle three accesses to the counter may be required: the currently running task must read
the counter to decide whether a reference is possible, and write back an incremented value; in
addition, READTR2 may need to write a decremented value for a different task as a reference
completes. Time allows only two references in a single cycle to the RAM in which such task-specific
information must be kept. The use of sequence numbers allows the processor to read both
StartedTag and DoneTag from separate RAMs, and then the processor and the memory to
independently write the RAMSs; thus four references are made to two RAMs in one cycle, or two to
each.)

Other tasks may start references or use data freely while one task has a Ferch outstanding. Cache
hits, for example, will not be held up, except during the RThasA cycle and while CacheD is busy
with the transport. These and other inter-reference conflicts are discussed in more detail in § 5.
Furthermore, the same task may do other references, such as Preferches, which are not affected by
the tags. The IFU has two FetchReg registers of its own, and can therefore have two fetches
outstanding. Hence it cannot use the standard tag mechanism, and instead implements this function
with special hardware of its own.
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4.2 Dirty miss

When a processor or IFU reference misses, and the victim has been changed by a store since
arriving in the cache, a dirty miss has occurred, and the victim must be re-written in storage. A
dirty miss gives rise to two storage operations: the write that re-writes the victim’s dirty block from
cache to storage, and the read that loads CacheD with the new block from storage. The actual data
transports from and to the cache are done in this order (as they must be), but the storage
operations are done in reverse order, as illustrated by a fetch with dirty victim in Figure 10. The
figure shows that the victim reference spends eight cycles in ADDRESS waiting for the fetch to finish
with MAP (recall that the asterisks mean no change of state for the stage). During this time the
victim’s transport is done by WRITETR.

fetch
fetch’s dirty victim
PROC y
ADDRESS Vesssosses
WRITETR 012345678910+ s s11
MAP
STORAGE
READTR1
READTR2
who WRITETR RT1 I RT2
CacheD — - -
why victim unloading fetch loading h
I
word
fetched
0 5 10 15 20 25 0 35 40

-+
Figure 10: A dirty miss

There are several reasons for this arrangement. As we saw in § 3, data transport to and from
storage is not done in lockstep with the corresponding storage cycle; only the proper order of events
is enforced. The existence of ReadReg and WriteReg permits this. Furthermore, there is a 12-cycle
wait between the start of a read in ADDRESS and the latching of the data in ReadReg. These two
considerations allow us to interleave the read and victim write operations in the manner shown in
Figure 10. The read is started, and while it proceeds—during the 12-cycle window—the write
transport for the victim is done. The data read is latched in ReadReg, and then transported into
the cache while the victim data is written into storage.

Doing things this way means that the latency of a miss, from initiation of a fetch to arrival of the
data, is the same regardless of whether the victim is dirty. The opposite order is worse for several
reasons, notably because the delivery of the new data, which is what holds up the processor, would
be delayed by twelve cycles.

4.3 Prefetch and flush

Preferch is just like Fetch, except that there is no word reference. Also, because it is treated strictly
as a hint, map-fault reporting is suppressed and the tags are not involved, so later references are not
delayed. A Prefeich that hits, therefore, finishes in ADDRESS without entering MAP. A Prefetch that
misses will load the referenced block into the cache, and cause a dirty victim write if necessary.
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A Flush explicitly removes the block containing the addressed location from the cache, rewriting it
in storage if it is dirty. Flush is used to remove a virtual page’s blocks from the cache so that its
MapRAM entry can be changed safely. If a Flush misses, nothing happens. If it hits, the hit
location must be marked vacant, and if it is dirty, the block must be written to storage. To simplify
the hardware implementation, this write operation is made to look like a victim write. A dirty Flush
is converted into a FlushFetch reference, which is treated almost exactly like a Preferch. Thus, when
a Flush in ADDRESS hits, three things happen:

the victim for the selected row of CacheA is changed to point to the hit column;

the vacant flag is set;

if the dirty flag for that column is set, the Flush is converted into a FlushFetch.
Proceeding like a Preferch, this does a useless read (which is harmless because the vacant flag has
been set), and then a write of the dirty victim. Figure 11 shows a dirty Flush. The FlushFetch

spends two cycles in ADDRESS, instead of the usual one, because of an uninteresting implementation
problem.

fiush
flushFetch
flushFetch's
PROC F dlrity victim
ADDRESS  JF|ltFefv ¢ = » = » ..]
WRITETR 012345678910+ » = 11
MAP
STORAGE 0123456
READTR1 01234567"01234567]
READTR2 01234567“01234567'
who WRITETR RT1 1
CacheD — - ;
why victim unloading flushFetch loading
This is ignored because
the vacant flag is set
0 5 10 15 20 25 0 35 40
Figure 11: A dirty flush
- 4.4 Dirty VORead

If an 1/0Read reference hits in a column with dirzy set, the data must come from the cache rather
than from storage. This is made as similar as possible to a clean 1/0Read, since otherwise the bus
scheduling would be drastically different. Hence a full storage read is done, but at the last minute
data from the cache is put on FastOutBus in place of the data coming from storage, which is
ignored.  Figure 12 illustrates a dirty 1/ORead followed by two clean ones. Note that CacheD is
active at the same time as for a standard read, but that it is unloaded rather than loaded. This
simplifies the scheduling of CacheD, at the expense of tying up FastOutBus for one extra cycle.
Since many operations use CacheD, but only I/ORead uses FastOutBus, thls is a worthwhile
simplification (see § 5.3.4).
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Figure 12: A dirty I/ORead and two clean ones

5. Traffic control

Thus far we have considered memory operations only in isolation from each other. Because the
system is pipelined, however, several different operations can be active at once. Measures must be
taken to prevent concurrent references from interfering with each other, and to prevent new
operations from starting if the system is not ready to accept them. In this section we discuss those
measures.

Table 4 lists the resources used by each pipeline stage in three categories: private resources, which
are used only by one stage; handoff resources, which are passed from one stage to another in an
orderly way guaranteed not to result in conflicts; and complex resources, which are shared among
several stages in ways that may conflict with each other. These conflicts are resolved in three ways:

If the memory system cannot accept a new reference from the processor, it rejects it, and
notifies the processor by asserting the Hold signal.

A reference, once started, waits in ADDRESS until its immediate resource requirements (i.e.,
those it needs in the very next cycle) can be met; it then proceeds to MAP or to HITDATA,
as shown in Figure 3.

All remaining conflicts are dealt with in a single state of the MAP stage.
We will consider the three methods in turn.
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PROC ADDRESS HITDATA MAP WRITETR STORAGE READTRI READTR2
Private MapRAM WriteBus StorageRAM
Resources EcGen
FastInBus
Handoff WriteReg WriteReg
Resources ReadReg ReadReg

ReadBus ReadBus
EcCor EcCor
FastOutBus FastOutBus

Complex CacheA CacheA
Resources  FetchReg FetchReg FetchReg
StoreReg StoreReg StoreReg
CacheD CacheD CacheD CacheD
History  History History History History

Table 4: Pipeline resources

5.1 Hold

Hold is the signal generated by the memory system in response t: a processor request that cannot
yet be satisfied. Its effect is to convert the microinstruction containing the request into a jump-to-
self; one cycle is thus lost. As long as the same task is running in the processor and the condition
causing Hold is still present, that instruction will be held repeatedly. However, the processor may
switch to a higher priority task which can perhaps make more progress.

There are four reasons for the memory system to generate Hold.

Data requested before it is ready. Probably the most common type of Hold occurs after a
Fetch, when the data is requested before it has arrived in FetchReg. For a hit that is not
delayed in ADDRESS (see below), Hold only happens if the data is used early in the very
next cycle (i.e., if the instruction after the Ferch sends the data to the processor’s ALU rather
than just into a register). If the data is used late in the next cycle it bypasses FetchReg and
comes directly from CacheD (§ 2.3); if it is used in any later cycle it comes from FetchReg.
In either case there will be no Hold. If the Ferch misses, however, the matching FetchReg
operation will be held (by the tag mechanism) until the missing block has been loaded into
the cache, and the required word fetched into FetchReg.

ADDRESS busy. A reference can be held up in ADDRESS for a variety of reasonms, e.g.,
because it must proceed to MAP, and MAP is busy with a previous reference. Other reasons
are discussed in § 5.2 below. Every reference needs to spend at least one cycle in ADDRESS,
so new references will be held as long as ADDRESS is busy. A reference needs the data
paths of CacheA in order to load its address into ADDRESS, and these are busy during the
RThasA cycle discussed above (§ 4.1); hence a reference in the cycle before RThasA is held.

StoreReg busy. When a Srore enters ADDRESS, the data supplied by the processor is loaded
into StoreReg. If the Swre hits and there is no conflict for CacheD, StoreReg is written
into CacheD in the next cycle, as Figure 4 shows. If it misses, StoreReg must be
maintained until the missing block arrives in CacheD, and so new stores must be held
during this time because StoreReg is not task-specific. Even on a hit, CacheD may be busy
with another operation. Of course new stores by the same task would be held by the tag
mechanism anyway, so StoreReg busy will only hold a Srore in other tasks. A task-specific
StoreReg would have prevented this kind of Hold, but the hardware implementation was
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too expensive to do this, and we observed that stores are rare compared to fetches in any
case.

History busy. As discussed in § 3.3, a reference uses various parts of the History memory at
various times as it makes its way through the pipeline. Microinstructions for reading
History are provided, and they must be held if they will conflict with any other use.

The memory system must generate Hold for precisely the above reasons. It turns out, however, that
there are several situations in which hardware or time can be saved if Hold is generated when it is
not strictly needed. This was done only in cases that we expect to occur rarely, so the performance
penalty should be small. An extra Hold has no logical effect, since it only converts the current
microinstruction into a jump-to-self. One example of this situation is that a reference in the cycle
after a miss is always held, even though it must be held only if the miss’ victim is dirty or the map
is busy; the reason is that the miss itself is detected barely in time to generate Hold, and there is no
time for additional logic. Another example: uses of FetchReg are held while ADDRESS is busy,
although they need not be, since they do not use it.

5.2 Waiting in ADDRESS

A reference in ADDRESS normally proceeds either to HITDATA (in the case of a hit) or to MAP (for a
miss, a victim write or an 170 reference) after one cycle. If HITDATA or MAP is busy, it will wait in
ADDRESS, causing subsequent references to be held because ADDRESS is busy, as discussed above.

HITDATA uses CacheD, and therefore cannot be started when CacheD is busy. A reference that hits
must therefore wait in ADDRESS while CacheD is busy, ie., during transports to and from storage,
and during single-word transfers resulting from previous fetches and stores. Some additional
hardware would have enabled a reference to be passed to HITDATA and wait there, instead of in
ADDRESS, for CacheD to become free; ADDRESS would then be free to accept another reference.
This performance improvement was judged not worth the requisite hardware.

When MAP is busy with an earlier reference, a reference in ADDRESS will wait if it needs MAP. An
example of this is shown in Figure 10, where the victim write waits while MAP handles the read.
However, even if MAP is free, a write must wait in ADDRESS until it can start WRITETR; since
WRITETR always takes longer than MAP, there is no point in starting MAP first, and the
implementation is simplified by the rule that starting MAP always frees ADDRESS. Figure 13 shows
two back-to-back 1/0Writes, the second of which waits one extra cycle in ADDRESS before starting
both WRITETR and MAP.

The last reason for waiting in ADDRESS has to do with the beingLoaded flag in the cache. If
ADDRESS finds that beingLoaded is set anywhere in the row it touches, it waits until the flag is
cleared (this is done by READTR1 during the RThasA4 cycle). A better implementation would wait
only if the flag is set in the column in which it hits, but this was too slow and would also require
special logic to ensure that an entry being loaded is not chosen as a victim. Of course it would be
much. better to Hold a reference to a row being loaded before it ever gets into ADDRESS, but
unfortunately the reference must be in ADDRESS to read the flags in the first place.

5.3 Waiting in MAP

The traffic control techniques discussed thus far, namely, Hold and waiting in ADDRESS, are not
sufficient to prevent all the conflicts shown in Table 4. In particular, neither deals with conflicts
downstream in the pipeline. Such conflicts could be resolved by delaying a reference in ADDRESS
until it was certain that no further conflicts with earlier references could occur. This is not a good
idea because references that hit, which is to say most references, must be held when ADDRESS is
‘busy. If conflicts are resolved in MAP or later, hits can proceed unimpeded, since they do not use
later sections of the pipeline.



SEC.5 TRAFFIC CONTROL 75

At the other extreme, the rule could be that a stage waits only if it cannot acquire the resources it
will need in the very next cycle. This would be quite feasible for our system, and the proper choice
of priorities for the various stages can clearly prevent deadlock. However, each stage that may be
forced to wait requires logic for detecting this situation, and the cost of this logic is significant.
Furthermore, in a long pipeline gathering all the information and calculating which stages can
proceed can take a long time, especially since in general each stage’s decision depends on the
decision made by the next one in the pipe.

For these reasons we adopted a different strategy in the Dorado. There is one point, early in the
pipeline but after ADDRESS, at which al// remaining conflicts are resolved. A reference is not
allowed to proceed beyond that point without a guarantee that no conflicts with earlier references
will occur; thus no later stage ever needs to wait. The point used for this purpose is state 3 of the
MAP stage, written as MAP.3. No shared resources are used in states 0-3, and STORAGE is not started
until state 4. Because there is just one wait state in the pipeline, the exact timing of resovrce
demands by later stages is known and can be used to decide whether conflicts are possible. We
now discuss the details.

5.3.1 STORAGE and WRITETR

In a write operation, WRITETR runs in parallel but not in lockstep with MAP; see, for example,
Figure 10. Synchronization of the data transport with the storage reference itself is accomplished
by two things. :

MAP.3 waits for WRITETR to signal that the transport is far enough along that the data will
arrive at the StorageRAM chips no later than the write signal generated by STORAGE. This
condition must be met for correct functioning of the chips. Figure 13 shows MAP waiting
during an 1/0Write.

WRITETR will wait in its next-to-last state for STORAGE to signal that the data hold time of
the chips with respect to the write signal has elapsed; again, the chips will not work if the
data in WriteReg is changed before this point. Figure 10 shows WRITETR waiting during a
victim write. The wait shown in the figure is actually more conservative than it needs to
be, since WRITETR does not change WriteReg immediately when it is started.

1/0OWrite 1
1/OWrite 2

PROC

ADDRESS w.........l

WRITETR 012345678910101234567889

MAP 0123-.4567'!0123..455

STORAGE 01234567 IO123456

READTR1 0_1_23—45?[___0123456

READTR2 0123@ |0123456

0 5 10 15 2 40

Figure 13: Two I/Owrites
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5.3.2 CacheD: consecutive cache loads

Loading a block into CacheD takes 9 cycles, as explained in § 4.1, and a word reference takes one
more. Therefore, although the pipeline stages proper are 8 cycles long, cache loads must be spaced
either 9 or 10 cycles apart to avoid conflict in CacheD. After a Ferch or Store, the next cache load
must wait for 10 cycles, since these references tie up CacheD for 10 cycles. After a Prefetch,
FlushFetch or dirty 1/ORead, the next cache load must wait for 9 cycles. STORAGE sends MAP a
signal that causes MAP.3 to wait for one or two extra cycles, as appropriate. Figure 14 shows a Ferch
followed by a Preferch, followed by a Store, and illustrates how CacheD conflict is avoided by extra
cycles spent in MAP.3 Note that the Prefetch waits two extra cycles, while the Stwre only waits one
extra.

fetch prefetch store

PROC
ADDRESS = 5 8 - 58

WRITETR

MAP 0123456;Ih123"4567|E123“56

STORAGE 01234567 Jo1234567 [0123456
READTR1 01234567 0123456;|l0123456
READTR2 01234567 Io'1234567]lo1234567I
who | RT1 I RT2 RT1 l RT2 | RT1 l RT2
CacheD
why fetch  loading l l prefetch  loading store loading h
] 1
word word
fetched stored
0 5 10 15 20 25 2 35 20 45

Figure 14: Cache load conflict for CacheD

5.3.3 CacheD: load and unload

The other source of conflict for CacheD is between loading it in a miss read and unloading it in a
victim write. This conflict does not arise between a miss read and its own victim, because the
victim is finished with CacheD before the read needs it; Figure 10 illustrates this. There is a
potential conflict, however, between a miss read and the next reference’s victim. CacheD is loaded
quite late in a read, but unloaded quite early in a write, as the figure shows, so the pipeline by
itself will not prevent a conflict. Instead, the following interlock is used. If a miss is followed by
another miss with a dirty victim:

ADDRESS waits to start WRITETR for the victim transport until the danger of CacheD
conflict with the first miss is past.

MAP.3 waits while processing the read for the second miss (not its victim write) until
WRITETR has been started. This ensures that the second read will not get ahead of its
victim write enough to cause a CacheD conflict. Actually, to save hardware we used the
same signal to control both waits, which causes MAP.3 to wait two cycles longer than
necessary.
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Figure 15 shows a Store with clean victim followed by a Ferch with dirty victim and illustrates this
interlock. ADDRESS waits until cycle 26 to start WRITETR. Also, the fetch waits in MAP.3 until the
same cycle, thus spending 13 extra cycles there, which forces the fetch victim to spend 13 extra
cycles in ADDRESS. The two-cycle gap in the use of CacheD shows that the fetch could have left
MAP.3 in cycle 24.

store fetch fetch's dirty victim

PROC
ADDRESS Feos o aa v. =t 4 % s % e EEE S EE S -tl
WRITETR \l 012345678910+

MAP 012345671_0123---t~--~tc'~-456 01234586
STORAGE 0123456710123456

READTR1 071234567“01234567]
READTR2 01234567012345867
who | RT1 I RT2 WRITETR RT1 l RT2
CacheD - — - -
store loading h victim unloading fetch loading ll
|
word word
stored fetched
0 5 10 15 20 25 20 35 40 45 50 55

Figure 15: Cache load/unload conflict for CacheD

5.3.4 FastOutBus conflicts

The final reason for waiting in MAP.3 is a conflict over the FastOutBus, used by 1/0Read references.
A dirty 1/ORead uses FastOutBus one cycle later than an ordinary 1/ORead, so that it can use
CacheD with the same timing as a cache load; see § 4.4. The potential FastOutBus conflict is
prevented by delaying an I/ORead immediately after a dirty I/ORead by one extra cycle in MAP.3.
Figure 12 illustrates this, and also shows how a clean 1/ORead can start every eight cycles and
encounter no delay.

6. Physical implementation

A primary design goal of the Dorado as a personal computer is compactness. The whole machine
(except the storage) is implemented on a single type of logic board, which is 14 inches square, and
can hold 288 16-pin integrated circuits and 144 8-pin packages containing terminating resistors.

Boards slide into zero-insertion-force connectors mounted in two sideplanes, one on each side of the
board, which have both bus wiring and interboard point-to-point wiring. Interboard spacing is
0.625 inch, so that the chassis stack of twenty-four board slots is 15 inches high. The entire
machine, including cooling and power, occupies about .14 m® (4.5 ft’). There are 192 pins on each
side of the board; 8 are used for power connections, and the remainder in pairs for grounds and
signals. Thus 184 signals can enter or leave the board. .
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Main storage boards are the same size as logic boards but are designed to hold an array of MOS
RAMs instead of random ECL logic. A pair of storage boards make up a module, which holds 512K
bytes (plus error correction) when populated with 16K RAMs, 2M bytes with 64K RAMs, or 8M
bytes with (hypothetical) 256K RAMs. There is room for four modules, and space not used for
storage modules can hold 1/0 boards. Within a module, one board stores all the words with even
addresses, the other those with odd addresses. The boards are identical, and are differentiated by
sideplane wiring.

A standard Dorado contains, in addition to its storage boards, eleven logic boards, including disk,
display, and network controllers. Extra board positions can hold additional 1/0 controllers. Three
boards implement the memory system -(in about 800 chips); they are called ADDRESS, PIPE, and
DATA, names which reflect the functional partition of the system. ADDRESS contains the
processor interface, base registers and virtual address computation, CacheA (implemented in 256 by
4 RAMSs) and its comparators, and the LRU computation. It also generates Hold, addresses DATA on
hits, and sends storage references to PIPE.

DATA houses CacheD, which is implemented with 1K by 1 or 4K by 1 ECL RAMS, and holds 8K or
32K bytes respectively. DATA is also the source for FastOutBus and WriteBus, and the sink for
FastinBus and ReadBus, and it holds the Hamming code generator-checker-corrector. PIPE
implements MapRAM, all of the pipeline stage automata (except ADDRESS and HITDATA) and their
interlocks, and the fault reporting, destination bookkeeping, and refresh control for the MapRAM
and StorageRAM chips. The History memory is distributed across the boards: addresses on
ADDRESS, control information on PIPE, and data errors on DATA.

Although our several prototype Dorados can run at a 50 nanosecond microcycle, most of the
machines run instead at 60 nanoseconds. This is due mainly to a change in board technology from
a relatively expensive point-to-point wire-routing method to a cheaper Manhattan routing method.

7. Performance

The memory system’s performance is best characterized by two key quantities: the cache hit rate
and the percentage of cycles lost due to Hold (§ 5.1). In fact, Hold by itself measures the cache hit
rate indirectly, since misses usually cause many cycles of Hold. Also interesting are the frequencies
of stores and of dirty victim writes, which affect performance by increasing the frequency of Hold
and by consuming storage bandwidth. We measured these quantities with hardware event-counters,
together with a small amount of microcode that runs very rarely and makes no memory references
itself. The measurement process, therefore, perturbs the measured programs only trivially.

We measured three Mesa programs: two VLSI design-automation programs, called Beads and Placer;
and an implementation of Knuth’s TEX [8]. All three were run for several minutes (several billion
Dorado cycles). The cache size was 4K 16-bit words.

Percent of cycles: Percent of references: Percent of misses:
References Hold Hits Stores Dirty victims
Beads 36.4 8.14 99.27 10.5 16.3
Placer 49 4.89 99.82 18.7 65.5
TEX 38.4 6.33 99.55 15.2 349

L _________________________________________________________________________________________________________________}
Table 5: Memory system performance
Table 5 shows the results. The first column shows the percentage of cycles that contained cache

references (by either the processor or the rt), and the second, how many cycles were lost because
they were held. Hold, happily, is fairly rare. The hit rates shown in column three are gratifyingly
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large- all over 99 percent. This is one reason that the number of held cycles is small: a miss can
cause the processor to be held for about thirty cycles while a reference completes. In fact, the table
shows that Hold and hit are inversely related over the programs measured. Beads has the lowest hit
rate and the highest Hold rate; Placer has the highest hit rate and the lowest Hold rate.

The percentage of Store references is interesting because stores eventually give rise to dirty victim
write operations, which consume storage bandwidth and cause extra occurrences of Hold by tying up
the ADDRESS section of the pipeline. Furthermore, one of the reasons that the StoreReg register
was not made task-specific was the assumption that stores would be relatively rare (see the
discussion of StoreReg in § 5.1). Table 5 shows that stores accounted for between 10 and 19
percent of all references to the cache.

Comparing the number of hits to the number of stores shows that the write-back discipline used in
the cache was a good choice. Even if every miss had a dirty victim, the number of victim writes
would still be much less than under the write-through discipline, when every Store would cause a
write. In fact, not all misses have dirty victims, as shown in the last column of the table. The
percentage of misses with dirty victims varies widely from program to program. Placer, which had
the highest frequency of stores and the lowest frequency of misses, naturally has the highest
frequency of dirty victims. Beads, with the most misses but the fewest stores, has the lowest. The
last three columns of the table show that write operations would increase about a hundredfold if
write-through were used instead of write-back.

Acknowledgements

The concept and structure of the Dorado memory system are due to Butler Lampson and Chuck
Thacker. Much of the design was brought to the register-transfer level by Lampson and Brian
Rosen. Final design, implementation, and debugging were done by the authors and Ed McCreight,
who was responsible for the main storage boards. Debugging software and microcode were written
by Ed Fiala, Willie-Sue Haugeland, and Gene McDaniel. Haugeland and McDaniel were also of
great help in collecting the statistics reported in § 7. Useful coments on earlier versions of this
paper were contributed by Forest Baskett, Gene McDaniel, Jim Morris, Tim Rentsch, and Chuck
Thacker.

References

1. Bell,J. ez al. An investigation of alternative cache organizations. IEEE Trans ComputersC-23, 4, April 1974, 346-35L

2. Bloom, L, ez al. Considerations in the design of a computer with high logic-to-memory speed ratio. Proc. Gigacycle
Computing Systems, AIEE Special Pub. S-136, Jan. 1962, 53-63.

3. Conti, C.J. Concepts for buffer storage. 1£EE Computer Group News 2, March 1969, 9-13.

Deutsch, L.P. Experience with a microprogrammed Interlisp system. Proc. 11th Ann. Microprogramming Workshop, Pacific
Grove, Nov. 1979.

5.  Forgie, JJW. The Lincoln TX-2 input-output system. Proc. Western Joint Computer Conference, Los Angeles, Feb. 1957,
156-160. :

. Geschke, CM. et al Early experience with Mesa. Comm. acuM 20, 8, Aug. 1977, 540-552.

7. Ingalls, D.H. The Smallialk-76 programming system: Design and implementation. 5th 4CM Symp. Principles of
Programming Languages, Tucson, Jan. 1978, 9-16.

8. Knuth, D.E. 7Ex and METAFONT: New Directions in Typesetting. American Math. Soc. and Digital Press, Bedford, Mass.,
1979.

9. Lampson, B.W. <z al. An instruction fetch unit for a high-performance personal computer. Technical Report csL-81-1,
Xerox Palo Alto Research Center, Jan. 1981. Submitted for publication. -

10. Lampson, BW., and Pier, K.A. A processor for a high performance personal computer. Proc. 7th Int. Symp. Computer
Architecture, SigArch/1EEE, La Baule, May 1980, 146-160. Also in Technical Report csL-81-1, Xerox Palo Alto Research
Center, Jan. 1981.

11. Liptay, J.S. Structural aspects of the System/360 model 85. II. The cache. 78M Systems Journal 7, 1, 1968, 15-21.

12. Metcalfe, R M., and Boggs, D.R. Ethemnet: distributed packet switching for local computer networks. Comm. 4cM 19,7,
July 1976, 395-404.



80

13.
14.

16.

17.
18.

19.

THE MEMORY SYSTEM OF A HIGH-PERFORMANCE PERSONAL COMPUTER

Mitchell, J.G. et al. Mesa Language Manual. Technical Report cSL-79-3, Xerox Palo Alto Research Center, April 1979.
Pohm, A. et al. The cost and performance tradeoffs of buffered memories. Proc. IEEE 63, 8, Aug. 1975, 1129-1135.

Schroeder, M.D. Performance of the GE-645 associative memory while Multics is in operation. Proc, 4cM SigOps
Workshop on System Performance Evaluation, Harvard University, April 1971, 227-245.

Tanenbaum, A.S. Implications of structured programming for machine architecture. Comm. 4CM 21, 3, March 1978, 237-
246.

Teitelman, W. Interlisp Reference Manual. Xerox Palo Alto Research Center, Oct. 1978.

Thacker, C.P. et. al. Alto: A personal computer. In Computer Structures: Readings and Examples, 2nd edition, Sieworek,
Bell and Newell, eds., McGraw-Hill, 1981. Also in Technical Report ¢csL-79-11, Xerox Palo Alto Research Center, August
1979.

Tomasulo, RM. An efficient algorithm for exploiting multiple arithmetic units. 1M J. R&D 11, 1, Jan. 1967, 25-33.
Wilkes, M.V. Slave memories and segmentation. IEEE Trans. Computers C-20, 6, June 1971, 674-675.






