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Abstract. HPSis a new model for a high performance microarchitecture which is targeted for implementing very dis-
similar 1SP architectures. It derives its performance from executing the operations within a restricted window of a
program out-of-order, asynchronously, and concurrently whenever possible. Before the model can be reduced to an
effective working implementation of a particular target architecture, several issues need to be resolved. This paper dis-
cusses these issues, both in general and in the context of architectures with specific characteristics.

1. Introduction structions of the control flow ISP architecture into the
data flow nodes, including the issue of whether or not a

HPS is a new microarchitecture targeted for imple- node cache is necessary. Section 3 covers the control

menting high performance computing engines. Like flow issues, including the importance of branch predic-

most other proposals for high performance, we too rec- tion. Section 4 describes the tradeoff’s involved in de-
ognize that one must exploit concurrency. Our ap- signing the main data path. Section 5 treats memory
proach for doing this is a major variation on the classi- and 1/O. Finally, Section 6 discusses two issues that are

cal fine grain data flow theme. Our model alows a very important to a machine that implements a sequen-
control flow architecture to be implemented by a data tial instruction stream with a microengine that allows
flow oriented microarchitecture. We call our approach out of order execution: retirement and repair. We close
“restricted data flow” because at any one time, the onlythe paper with a few concluding remarks.
data flow nodes present in our microengine are those
corresponding to a restricted subset of the dynamic2. Decoding Issues
instruction stream. An introduction to this near model
of execution and the rationale for why we believe it hasDecoding is the process of converting the instruction
great potential for high performance microengines isstream into nodes for the HPS microengine. The de-
contained in [1]. coder reads in machine language instructions of the
The HPS concept is stated, intentionally, in generalarchitecture being implemented and sends data flow
terms since we expect it to be a viable microarchitec-nodes into the main data path. It also must do some
ture for implementing very dissimilar ISP architectures. additional processing on the instruction stream that is
The particular characteristics of a given target archi-not directly reflected in the data flow nodes in order to
tecture will dictate many of the parameters of an HPShandle control flow changes. How much processing it
design. This paper explores many of the tradeoffs thaneeds to do depends on how control flow changes are
are involved. handled, and this will be covered in the next section. In
The paper is divided into six sections. Each sectionthis section we will be concerned with the process of
deals with a particular part of an HPS design. Section 2converting non-control instructions into data flow
addresses the problems inherent in decoding the innodes, and related issues.
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2.1. Node cache

Thefirst question is: how much implicit sequentiality is
there in the instruction stream? The more there is, the
harder it will be to decode quickly. By implicit sequen-
tiality, we mean semantics that assume sequentiality,
each when it is not required by the operation being
specified. One example is sequentia operand evalua
tion (i.e. the architecture assumes operands will be
evaluated in order, thus any evaluation with side effects
could affect the operands that followe). Another exam-
pleisahighly variable instruction format (which makes
determining the location of the next instruction harder).

We must then figure out how fast the decoding pro-
cess can be as a function of how much hardware we put
into the decoder. This speed must be related to how fast
we would like to merge the nodes into the main data
path. We will probably conclude, even for instruction
streams that are fairly easy to decode, that a node cache
is a good idea. This is a cache that holds instructions
after they have been decoded, thus relieving pressure
on the decoding process itself. The size of the node
cache (and therefore the hit ratio) will affect how fast
the decoder has to be in order that the merging process

are retrieved. The replacement algorithm is also some-
thing to be considered. LRU would seem to be the most
favorable, but in the case of the two table scheme, a
variation that reduces fragmentation might be better.
Also, a cheaper to implement algorithm might be al-

most as effective.

Another important issue is what to cache. This has
to do with on what the nodes for an instruction depend.
If the nodes depend only on the instruction itself, then
everything is cachable and the nodes can be generated
easily. If the nodes depend on the instruction plus other
constants in the instruction stream, then everything is
still cachable, but the node generation process is a little
more difficult. This situation arises for example in rela-
tive addressing modes where the current PC is added to
an offset, or for instructions that have literals in the
instruction stream. A third situation arises when the
nodes for an instruction depend on the instruction
stream as well as variables not present in the instruction
stream. In this case, some of the nodes may not be
cachable, but it's not clear that these nodes are defi-
nitely not cachable. For example, consider a CALL
instruction that gets a register save mask from the sub-
program being exiled. If the destination is static, and if

doesn't have to wait for node generation. Thus, the costhe code is not self-modifying, then the same CALL
of the decoder and the cost of the node cache must beill always save the same registers, so it would proba-
balanced against each other. bly be acceptable to cache the nodes that save the reg-
The structure of the cache itself is also an importantisters. There may be cases where the nodes can defi-
issue. The main problem is that a machine level in-nitely not be cached, such as a CALL instruction where
struction can potentially map into a variable number orthe destination is provided through a register, but the
nodes. If the architecture being implemented is fairly cache still might be able to provide useful information.
simple, then the variation will probably not be very Finally, consider the question of caching a process
great, and a simple cache scheme with a constant numieentifier along with the nodes. On a multiprogrammed
ber of node slots per instruction could be acceptableuniprocessor, it may be desirable to allow the node
Even if the variation is great, this approach could still cache to retain its contents between process switches,
be used as long as most instructions generate a smadlo each instruction would have to be associated with a
number of nodes. Then, instructions that generate morg@rocess. There could also be a reserved section for
nodes than there are slots would simply not be cachsystem notes as opposed to user notes. (Note that if
able. Of course, the time to decode a non-cachable inHPS were implemented to allow simultaneous execu-
struction would have to be weighted against its fre-tion of multiple instruction streams, then process identi-
quency of occurrence. fiers would not only have to be in the note cache, but
If the variation in nodes per instruction is great, and attached to each node in the machine.)
a significant portion of instructions generate many
nodes, then a two table approach might be more practi2.2. Predictive decoding
cal. One table would contain instruction entries, each of
which would contain the instruction address and aAnother decoding issue has to do with how we deter-
pointer into another table. This second table would mine what to fetch from the instruction stream and de-
contain the actual nodes. The first table would have thecode. If the decoding process is very fast and no node
associative search mechanism, while the second tableache exists, then the decoder will closely follow the
would be where the actual node would be stored. Thismerger. There would not be much of a question of what
scheme has the disadvantage that replacement is mote decode next. However, if decoding is slow and the
difficult. The second table could become fragmented,node cache is large, determining how to predecode in-
causing space to be wasted unless some kind of comtelligently isn’'t as simple. One idea would be to decode
paction mechanism is used. Also, the two table ap-the first few instructions of the side of a branch that is
proach incurs an extra level of indirection when nodesnot taken. This would be especially helpful if the
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branch predictor could provide a confidence level, in-
dicating the expected probability of a wrong guess.
Then, the decoder could decide how much to decode
down each side of a branch based on this confidence
level. If the frequency of control nodes in the program
being run is low, then predictive decoding would
probably not make much difference, but if the fre-
guency is high, it could be quite significant.

3.3. Node generation optimality

The next decoding issue we will discuss is the optimal-
ity of the node generation process. The more optimally
we generate nodes, the faster the machine will execute
an instruction, but the sower and more expensive the
decoder will be. It may be counter-productive to handle
a special case that reduces the number of nodes by one
in every million. It might seem that determining the
best way to generate nodes for a particular instruction is
simple, but consider instructions with complicated op-
erand evaluation. If the operands within an instruction
are to be interpreted sequentially and they successively
modify the same register (such as for auto-increment),
then more than the optimal number of nodes could be
generated if the operands are decoded independently.
The mechanism for coordinating them could be com-
plicated, however. Another example of sub-optimality
occurs when the value of an operand affects the nodes
generated (e.g. when aliteral operand would simplify the
nodes generated). This could be important for instruc-
tionsthat are highly generd, but for which most instances

the second type of stall can vary greatly. More complex
architectures, that are characterized by control points
inside an instruction, are more likely than simple ar-
chitectures to have instructions that cause node genera-
tion stalls.

One issue that comes up for handling instructions
that stall is how to handle the cache. If it has been de-
termined that the instruction should cache all of its
nodes, then the problem is only one of putting the two
groups of nodes (i.e. the nodes generated before the
stall and the nodes generated after the stall) under the
same instruction entry. If the instruction cannot cache
its post-stall nodes, then it could still cache the pre-stall
nodes, but it might be simpler to not cache the instruc-
tion at all. Another issue is the interaction between the
decoder and the rest of the machine. As far as the de-
coder is concerned, it must generate a node and wait
until the result gets distributed before it can continue
decoding. This probably means that the decoder needs
to watch the distribution bus. But suppose that an in-
struction depends on a register and that register is
ready. Then, the decoder would generate a redundant
move node and wait until it is distributed unless is has
access to the registers directly. The first option gener-
ates spurious nodes and the second option makes the
mechanism more complicated. Another question is
should the nodes that the decoder is waiting on be
given extra priority, and if so, how does this mechanism
work (we will discuss this further in the main data path
section).

Another special case that some architectures may

of them don't use much of the generality (e.g. if there arehave is instructions that operate on large blocks of
some operands that are literal zeros in the instructiormemory (for example block move, pattern search, etc.).

stream that significantly simplify the instruction).

2.4 Special cases of instructions

How should the nodes be generated for instructions
such as these? The decoder could simply generate all of
the nodes, but in the case of a pattern search, it would
have to stall between each pair of memory nodes. Also,

Another issue is what to do for certain special eases othe cache could be wiped out, so it would be more de-
instructions. First we will consider the case of instruc- sirable to not cache these instructions. A better solution
tions that stall. A stall is defined as that time when the might be to implement the move as a loop, visible at the
decoder must wait for the main data path or the mem-machine instruction level, so the branch prediction
ory and I/O unit until it can proceed. There are two mechanism could help out on each iteration. If this
basic types of stalls: stalls for the next instruction ad-were done, then caching the instruction would be a lot
dress, and stalls for node generation. Stalls for the nexsimpler. Alternative ways of handing these instructions
instruction address are cases where the point of nexwill be covered in the memory and 1/O section of the
execution cannot be determined (or even predicted)paper.

until a node is distributed. These types of stalls will be

discussed more thoroughly in the next section. Stalls

for node generation are cases where the nodes to cond. Control Flow Issues

plete an instruction cannot be generated until a node is

distributed (an example is a CALL instruction that In this section we will discuss the issues related to han-
needs to wait for a register save mask before it can gendling the flow of control in the machine. Recall that
erate the nodes that save the registers). Most architeghere are no control nodes. The only nodes that are
tures have at least some instructions that cause the firgnerged into the data path are data flow nodes. This
type of stall, but the number of instructions that causemeans that the decoder must handle the changes in flow
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of control that are specified by the machine language. Another scheme would be to have branch nodes that
In this section, we will use the term “branch” to mean are merged into the main data path just as any other
any change in the flow of control of the machine. Therenode, and to have a branch function unit that executes
are two basic issues here: 1. what are the conditions othe branch nodes. The branch nodes would take their
the branch? and 2. can the destination(s) be determinethputs from the nodes that the decoder was waiting for
statically? If the destination address or addresses arén the previous scheme. With either method, when a
known to the decoder, then it can make a prediction orbranch prediction error is detected, the decoder, the
the outcome and proceed to decode more nodes. (Urpredictor, and the main data path, must be notified.
less we have a many-way branch, for which the out-Some sort of mechanism is necessary to associate in-
comes are uniformly distributed, making the payoff for stances of branches to node indexes used by the main
predicting overweighed by the cost of bracing up). If, data path so that the correct repair point is referred to.
however, the destination address is unknown, we carThe main data path must back up the node table and the
only stall and wait until it becomes known, regardless decoder must redirect its decoding (the repair mecha-
of the conditions of the branch. (We could, of course, nism will be discussed more fully in section 6).

predict a destination address, and with a history mecha-

nism of some sort this might be worthwhile, but for 4. Main Data Path Issues

many cases, any prediction at all would just be a stab in

the dark.) The main data path is that portion of the machine that
Therefore, we can group branches into two catego-contains the active nodes and the fraction units that are
ries: those which we can effectively predict, and thoseexecuting them (except for memory and 1/0 nodes).
which we cannot. Exactly what it means to “effec- The node tables hold the active nodes, and the three
tively” predict a branch is, of course, somewhat nebu-processes associated with the main data path are merg-
lous but it would depend on the quality of the branching, scheduling, and distribution. First we will talk
prediction algorithm, the cost of the repair mechanism,about the structure of the node tables and then we will
as well as the behavior of the program being run. Ex-talk about each of the above processes.
amples of instructions that will generally be predictable
are simple two-way branches where the destination for4.1. Node table structure
both sides ofthe branch are static. Examples of in-
structions generally unpredictable are return instruc-One of the main ideas of HPS is that more than one
tions which have to pop the top tife stack to deter- node can become active on each cycle, and more than
mine the next address, and jump indirect instructionsone node can be executed on each cycle. A logical way
that have to read the contents of a register or a memono achieve this throughput is to partition the node ta-
location to determine the next address. The decision obles. If there is only one node table, then the bandwidth
what to predict and what to let stall, as well as the charrequired would be enormous. If there are several node
acteristics of the branch prediction algorithm, are fairly tables, then a single node can be merged into each node
critical issues. The objectives are to predict as correctlytable on each cycle, and we will still have several nodes
as possible to minimize repair and to cover as manymerged per cycle. The main question that arises is how
cases as possible to minimize stalls. A version of HPSto divide up the node tables with regard to the function
has been simulated using an auto-correlation branchunits. A straightforward way is to divide the node tables
predictor that detects pattern in the behavior of by the function being performed. So, for example, there
branches, and has been shown to be quite effective.  would be a fixed point node table, a coating point node
Given that a branch has been predicted and the detable, a memory node table, etc. Then, a particular node
coder has gone on to decode more instructions, howould only be merged into one particular node table.
does the confirmation mechanism work? One alterna-There are also other possible ways to partition the node
tive is to put the mechanism in the decoder. Then, theable. There could be several node tables that serve the
decoder would associate a particular node with thesame type of function unit, or the node tables could
branch condition so that when that node gets distrib-overlap only partially in functionality. This would mean
uted, the branch can be verified. In the case of branchethat a particular node could be merged into more than
on condition codes, the node is simply the last nodeone node table, making the merging process more com-
which generated the particular condition code. This plicated. This partitioning of the node tables gives rise
means that the decoder probably needs access to thte what we call the “multinodeword.” A multinodeword
condition code alias table. For more complicatedis a group of nodes that are all merged together, each
branches, where the condition must be computed, theart of it going to a different node table.
node that does the computation will be the one that the Another issue relating to the node tables is whether
branch predictor watches for. or not the node values are stored in the node table, or in
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a separate structure. Each node in the node table must in any order within a multinodeword, but not within an
by necessity hold the tags and the ready bits for the instruction. If, alternatively, the RAT is only updated
nodes that it depends on, but it doesn’t have to contairfor register writes in between each instruction, then
the actual values. A possible organization would be tothese two nodes could be placed in any order within the
separate the values from the node table in a “valueanstruction. This would allow more complicated in-
buffer.” Then, nodes would get their operands from thestructions to be implemented simpler (e.g. swap could
value buffer and their results would go back into the be done with two nodes instead of three). The disad-
value buffer. The advantage of this scheme is that itvantage of this scheme is that it makes the RAT more
makes the node tables smaller, and since they mustomplicated.

have associative memories, this could be important. Another issue is the mechanism for sending literals
The main disadvantage is that when a node is deterinto the data path. A literal present in the instruction
mined to be ready and it is read from the node table, thesteam that is needed for computation node must some-
tags must then index into the value buffer to get thehow be entered into the data path. If the operand values
values. This gives an extra level of indirection, which are stored with the nodes in the node table, then the

could slow the machine down. merger could simply insert the literals in the operand
fields of the nodes before they are merged. This re-
4.2. Merging quires that the literals be known before the nodes that

use them are merged. Also, a literal wouldn't need to

Merging is the process of taking nodes from the de-have a tag associated with it, since it is never distrib-
coder and installing them into the node tables. Theuted. Another alternative would be to associate tags
amount of processing that the merger must do on thewith literals and then distribute them normaly and let
nodes depends on several things. One is the question @very node that needs them grab them. Note that the
how the nodes are grouped into multinodewords. If theliteral could then be distributed at any point in the in-
cache stores nodes in a free format, then the mergestruction and the scratch pad alias table would handle
must group them into multinodewords before they gothings. This scheme requires the merger to have source
into the node tables. This has the disadvantage of putaccess to the distribution bus, which might complicate
ting a lot of pressure on the merger. Alternatively, the things significantly.
nodes could be grouped together between the decoder
and the cache, or within the decoder itself. Having the4.3. Scheduling
decoder generate the nodes already in multinodeword
format might not be practical for complicated architec- Abstractly, scheduling is the process of determining
tures. It might be better to have the decoder generatevhich nodes are ready, selecting a subset of them to be
the nodes and then have a post-processor put them intexecuted, and sending them to the function units. The
multinodewords. Another option, if the architecture simplest and easiest to understand algorithm is oldest
being implemented involves direct execution of nodes, node first. Since the nodes must by necessity be merged
is to have the nodes grouped together by the complieinto the node table in the order that they were decoded,
before they ever reach the decoder. This would relievet should be fairly simple to select the oldest node and
the most pressure from the hardware. send it to the function unit to be executed. This is not

Another merging issue is the handling of the regis- necessarily the optimal algorithm, of course, but it
ter alias table (or RAT). Recall that the RAT is the ta- probably performs close enough, and at a cost far be-
ble that stores the node tags that are forwarded in ordelow a more complicated algorithm, to be a win. Also,
to remove false dependencies as in the Tomasulo algathere are other factors besides optimality that must be
rithm [2]. Since there are potentially several read/write considered. For one thing, we don’'t want old nodes
accesses per multinodeword (each node could readhanging around in the machine too long because then
from two entries and cause a write to one), the RAT we can't retire instructions soon enough. Another thing
most be a multiported memory. The complication could is that the oldest nodes have the lowest probability of
be reduced if instructions were placed on how registerhaving to he undone because of a branch prediction
reads and writes could be used in multinodewords, butmiss or an exception. Actual simulations will probably
this could slow down the machine. This brings up the be the only way to really settle the scheduling algorithm
store important issue of the interpretation of two nodesquestion, and of course it could vary significantly from
within the same multinodeword, and two nodes within one architecture to another.
the same instruction that have register conflicts. If the  An issue that was raised in the decoding section of
RAT is updated for register writes between each multi-the paper was the question of giving certain nodes high
nodeword, then a node that writes into a register and goriority. It would seem that if the decoding process is
node that reads from the same register could be placedaiting for a node before it can continue, that node
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should be given higher priority. But should it be given
the highest priority? And what about nodes that confirm
branch predictions? Should they be given high priority
also? It would seem that since confirming branchs and
minimizing stalls are fairly important to the overall
speed of the machine, some sort of priority scheme
should be devised, but it is not clear how it should
work.

4.4. Distribution

Distribution is the process of sending the computed
results back to the node tables as tag-value pairs so that
the ready bits can be updated and the values can be
stored for subsequent use. There are many function
units and each function unit could in general be sending
its result to any node table. So, the most general distri-
bution scheme is to have one bus for each function unit
and to have each bus go to every node table. The
mechanism could get expensive since we need to han-
dle the case where every fraction unit wants to update
every node table. If there is a value buffer, then the
problem gets a little bit better because then only the
tags need to go to every node table. The values would
go to the value buffer, which can be partitioned to al-
low multiple writes. It some restrictions were placed on
the nodes, such as where they could take their inputs
from, then perhaps the distribution could be made eas-
ier, but this is at the cost of requiring more nodes in

the same as if all nodes were executed in the order that
they were merged. If the addresses that the memory
operations use are static (i.e. they are all known to the
decoder) the problem of resolving dependencies is
quite simple. It would just involve comparing the ad-
dresses and determining which memory operations con-
flict. Memory operations to the same address could be
resolved in the same way that arithmetic operations to
the same register are. Furthermore, this would all be
known when the nodes were merged. However, if the
addresses of the memory operations are determined
dynamically (i.e. they cannot be determined by the de-
coder) then the problem becomes more complicated.
This would be the case for many memory nodes, for
example indirect and indexed accesses. The dependen-
cies between the memory operations would have to be
determined as the information becomes available.
Consider only simple memory read and memory
write nodes with the following definitions: each read
node has one input (the address) and one output (the
data) while each write node has two inputs (the address
and the data) and no outputs. The inputs to each node
may be known or unknown and an unknown input may
become known at any time. Each read node can there-
fore be in one of two states: address known (AK) and
address unknown (AU). Similarly, each write node can
be in any one of four states: address known - data
known (AKDK), address known -data unknown
(AKDU), address unknown - data known (AUDK) and

some cases. We really haven't developed an effectiveaddress unknown - data unknown (AUDU). We will
alternative mechanism to total distribution, but it is call nodes in the AK and AKDK states “ready,” meaning
clear that this may be one of the major bottlenecks ofthat they are ready to be executed baring dependencies

the machine.

5. Memory and I/O Issues

on other nodes. So, the question becomes: under what
circumstances can a ready node become executable?

An executable node is one which can be “unexe-
cuted,” or sent to the memory system to be performed.

The memory and I/0 unit is that portion of the machine In the case of reads, this simply means that a request is
that holds all the nodes that access memory and l/Gsent to the memory system. In the case of writes, exe-
devices, and interacts with the memory and 1/O systemsution means that the write buffer is added, but the op-
of the machine. First we will discuss a couple of fun- eration is not actually sent to the memory system until
damental problems that this unit must cope with andthe instruction retires. The simplest and lowest per-
then some overall issues. In this section, we will use theforming approach would be to execute the nodes in the
terms “memory system” and “l/O system” to refer to order that they were merged. On the other extreme
those parts of the machine concerning memory and I/Ovould be a method which detects every dependency in
operations respectively that are not part of the memoryevery possible circumstance and executes nodes as
and 1/0 unit (e.g. the data cache, the translation mechsoon as possible. We will now present the optimal con-
anist, main memory, etc., and the I/O devices, 1/0O con-ditions under which a node can be executed (i.e. the
trol register, etc. respectively). least constraining dependency resolution possible). As
we will see later, however, it may be desirable to make
more restrictive conditions in order to make the imple-
mentation more practical.

One of the main ideas in HPS is to allow out of order It only makes sense to discuss the condition for
execution of nodes but to preserve the sequential seexecuting ready nodes since other nodes couldn’t pos-
mantics of the instruction stream. This means that thesibly be executed and it is also the case that only the
result of executing memory reads and writes must beread nodes need to be considered, since a write node

5.1. The unknown address problem
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can be “executed” as soon as it becomes ready. So, weemains and that one corresponds to a known address
are left with the question of when a ready read is ex-and a known data value. At this point the read can be
ecutable and the answer can be expressed algorithmiexecuted. There would be a high level of intercommu-
cally as follows: nication necessary between different parts of the mem-
ory unit with such a scheme, but this may be practical
to implement, depending on the size of the node table,

Find the youngest active write node that is older thanetc

the read nodes:

If it's an AKDU or AKDK write with a different
address, find the next oldest write node and

_ repeat this step The above discussion about resolving the dependencies
If it's an AKDK with the same address, stop—the pepween memory node has assumed that there are no
node IS executable and this AKDK has the pariial dependencies, but in most architectures, they can
) data . occur. A partial dependency is defined as a dependency
If it's an AKDU with the same address, stop—the pegween two nodes when there is not a total overlap
node IS NOT executable, but it is only waiting peween the pieces of memory that each node refers to.
_ for the AKDU to become an AKDK This can occur for two reasons: memory nodes are al-
It it's an AUDK or AUDU, stop—the node IS |oyed to refer to different sized pieces of memory, and
NOT executable . memory accesses are not aligned to the size of the
If there are no (more) active writes, the node IS memory piece. In many architectures, both of these are
executable. allowed to happen, and most architecture allow at least
one, so this is a problem that is likely to be important.
Now we will discuss two implementations of the There are two aspects to this problem: how to resolve
memory data path. The first one is a fairly straightfor- the dependencies and determine which nodes are ex-
ward approach that is easy to implement but isn't fully ecutable, and how to actually execute the notes (since a
optimal (i.e. it may hold back a node in certain circum- node could potentially need to get its value from more
stances that could actually be executed). The seconthan one place). These two aspects are interrelated, and
method achieves full optimality but is more expensive in general the solution to how the nodes are executed
to implement. These are only two initial approaches towill have a large influence on how the dependencies are
the memory unit implementation, and should serve toresolved.
illustrate some of the issues. One approach might be to have the decoder remove
The first scheme is a basic extension of the registerall partial dependencies by aligning all memory opera-
dependency resolution algorithm used in the merger. Iftions and forcing them to all be the same size. This has
the memory is considered to be a very large register sethe disadvantage that the decoder must know what the
the extension is clear. The memory alias table (oraddresses of every memory operation are before the
MAT) is analogous to the register alias table. It must benodes are created. Although this would make the mem-
associative on the memory address, since there can't bery unit a lot less complicated, it would probably slow
an entry for every memory location, but its function is down the machine significantly.
the same. The only complication is that the MAT wiill Given that the problem is not solved by the decoder,
only contain the proper information for a particular one issue is where in the machine partial dependencies
read node if there are no AUDK'’s or AUDU's that are are pieced together. If the memory unit is sufficiently
older. This is handled by the memory node table. Itcomplicated, it could forward data on a piecewise basis.
holds nodes until they can be released to update thé&lote that a node could potentially need parts of its
MAT in the ease of writes, or access the MAT in the value from several other nodes and from the memory
case of reads. system. This means that the memory unit would have to
The second scheme is a more complicated one buissue the memory operations to retrieve the needed
achieves fully optimal dependency resolution. It is too parts and when they arrive it would have to assemble
complicated to go into in full detail here, but the basic the data and distribute it. This type of scheme would
idea is to incorporate both the MAT and the memory necessitate a very complicated dependency resolution
write buffer into a single structure. A dependency ma- mechanism.
trix is created that relates each operation to every other Another possibility would be to have the memory
operation. Each read node starts out with a mask regissystem deal with the assembly of these nodes. This
ter, representing a row in the dependency matrix. Aswould only work if all the nodes that another node is
addresses become known, bits are cleared in the maghartially dependent on have been issued to the memory
until either all bits have been cleared or a single onesystem (i.e. the associated instruction has been retired).

5.2. The partial dependency problem
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The scheme would alow the dependency resolution so we could have the system that first determines this
mechanism to be alittle bit simpler, since it would only report back to the memory and I/O unit if the access is
be necessary to detect a conflict, not to determine the to an 1/O device. The memory and I/O unit could then
extent to which it overlaps. A disadvantage of this handle it as appropriate. This requires the memory and
scheme is that it doesn't result in optimal note execu-1/O systems to be more complicated, but in the absence
tion. A node could be held up even if its data is readyof an architecturally constrained definition of an 1/O
because a node that it depends on hasn’t been retiredperation, it is about the only solution (other than exe-
The penalty for such sub-optimality must be weighed cuting all memory and 1/0 nodes sequentially).

against the frequency of occurrence and the cost of

implementing a more optimal scheme. And, these fac-5.4. Other memory and I/O issues

tors are very dependent on the architecture being im-

plemented and even the application of the architectureAnother issue for the Memory and 1/O unit that was
In general, the partial dependency problem is quitealluded to earlier is the question of how to handle in-
complicated and its solution involves many tradeoffs. structions that operate on large blocks of memory.
These have only been touched on here, but it should b&ome architectures don’t have these instructions, but
clear that there are many possibilities that have yet tathey are worth investigating for those that do. The sim-

be fully explored. plest example of such an instruction is one that moves a
block of memory from one location to another. At some
5.3. /0 issues level, an instruction like this must be broken down into

a series of reads and writes. This could occur at the

The handling of I/O operations bring up some interest-decoding level (the decoder generates the sequence of
ing issues. We have been assuming above that there ar@des), at the merging level (the decoder generates a
no problems with executing memory reads out of order.loop, which is turned into a sequence of nodes before
We have a model of what memory reads and writes domerging), at the memory unit level (the memory unit
and we have used this model to improve the speed ofjets a single node which is turned into a sequence of
the machine. In the case of 1/O operations, this modelreads and/or writes to the memory system) or at the
needs to be re-examined. It is probably the case that I/@nemory system level (the memory unit issues a single
reads (as well as writes) must be executed in the sameommand to the memory system which then performs
order that they would be if the instruction stream were the function on its own.) There are tradeoffs for placing
executed sequentially. This means that the same methit at each level, but one thing to consider is that if the
ods that are applied to memory nodes cannot be applieéhstruction involves more than just a block move (for
to I/0O nodes. example a pattern search) then placing it closer to the

If /O operations have their own opcodes, then the memory system gets more complicated.
problem can be handled relatively easily. The decoder
would simply generate 1/0O nodes that would be recog-
nized by the memory and I/O unit as such. These node§. General Issues
would be held until the instruction retires in the same
way that memory write nodes have to be held. A slight6.1 Repair
problem arises if an instruction reads from /O and
sends the result to memory. Deadlock could result if theRepair is the backing up of the machine to a previous
I/O read is waiting for the memory write to execute. point and it is done when nodes have been merged that
The solution is to execute 1/O nodes under the condi-shouldn’t be executed. This previous point can be be-
tion that all main data path nodes have executed and tfore any instruction that has not been retired. The
execute memory writes under the condition that all amount of hardware that is devoted to repair (and thus
other nodes have executed (this will be covered in morghe speed that it can take place) will be dictated by the
detail in section 6). frequency that it is necessary, and this is very depend-

The problem becomes much harder if the 1/O isent on the architecture. Repair is necessary for three
memory mapped. If I/O addresses are easily recognizfeasons: a branch prediction miss, an exception, and an
able, then the memory and 1/O unit could determine theinterrupt. It will probably be the case that branch pre-
type of node when the address is determined and treadiction misses are much more common than either of
each type separately. However, if the addresses are ndbe other two causes, so we may be able to take advan-
easily distinguishable, this won't work. This case arisestage of this. Branches don't occur every instruction, so
in virtual memory machines even if the physical ad- while we must be able to back up between any two in-
dresses can be easily recognized. However, at somstructions in the active window, it only may need to be
point an access must be resolved into memory or I/O fast to back up to the instruction before a branch.
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Consider what has to be done to complete a repair
operation. First of all, the node tables have to be
backed up. Thisinvolves invalidating all nodes merged
after the violation point. Since the nodes are stored in
the order that they were merged, this can be accom-
plished fairly simply. However, it does mean that we
need to keep node table indexes for each instruction.
The register write buffer and memory write buffer also
need to be backed up. This could be handled analogous
to the note tables since they are ordered by instruction.

The RAT and MAT must also be restored, and this
is a bit more complicated. In order to restore the aias
tables quickly at any instruction boundary in the in-
struction window, a lot of back up copies may be re-
quired. An aternative would be to only store dlias table
copies for the pending branch predictions. Then, we
could just let the node tables train for exceptions and
interrupts and wait for the alias tables to clear. A disad-
vantage of this scheme is that it may limit us as to how
many branch predictions may be pending at atime.

6.2. Retirement

Another general issue is that of how retirement is han-
dled. The first question is how you know that an in-
struction is done and can be retired. Since nodes are
stored in merge order, we really just need to know the
oldest unexecuted node for each node table. This in-
formation, along with information about each instruc-
tion, will tell us if the oldest instruction in the window
is ready for retirement. It is not clear how this informa-
tion should be collected and sent to the appropriate
place, however. There probably needs to be a retire-
ment control unit that coordinates all the information.
Severa things must get done when an instruction
retires, and exactly how to handle these is also an im-
portant question. The register write buffer and the
memory write buffer hold information that must be
processed when an instruction retires. The processing
of the memory write buffer consists of sensing the
writes to the memory system. An interesting question is
how to handle the case that these writes are not com-
pletable. If awrite causes some sort of exception, then

have executed but before memory writes have exe-
cuted. Only after memory writes have executed is the
instruction really “retired.” (This last state might be
able to be eliminated if we can guarantee that writes
can be completed before they are issued.)

7. Conclusion

We have investigated some of the major issues that
arise in designing an HPS implementation for a par-
ticular architecture. There are still many open questions
about how to handle certain problems, which should
not be unexpected since HPS is still in the early stages.
But this paper should give the reader an indication of
where the major questions lie and how they could be
approached.
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we can't have destroyed anything that we need to re-

pair. It even becomes more involved if we include 1/0

operations. As we discussed above, it may be necessafReferences

to execute 1/0O reads before memory writes, but after

every other note has executed. Therefore, an /O opil]
eration causing an exception also must be considered. It
would seem that the machine needs a state after a
CPU nodes have executed, but before 1/0 operation
have executed and another state after /0O operations
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