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CHAPTER 5

HU-Net

5.1. Preface to Chapters 5 and 6

The following two chgpters comprise a discussion of the application of Mirage to
processor-memory interaction as a protocol. This, Chapter 5, is a description of the
process of modding processor-memory interaction as a protocol (Sections5.2-5.3.), and
an elaboration of the various degrees of implementation of the design tha the process
suggests (Sections5.4.-5.5).

Chapter 6 compares the feasibility of the degrees of implementation, based on
measured opmde gtatistics (Sections6.1.-6.3). That chgpter also contains the discussion
of prior work specific to the processor-memory domain; more general prior work
regarding Mirageis contained in Chapter 3, in Section 6.4. Chapter 6 condudes with an
evauation of the utility of this modding process, and the value of theresults it generated
(Section 6.5).

A more condse version of the material in these two chapters, describing m-Net and
its results, can befoundby reading thefollowing sections
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5.2. (inclusive) Introduction

5.4. (inclusive) p-Net - Design

5.5.6.2. The Total implementation of p-Net
5.6-5.7. (inclusive) Implications

6.1.-6.2. (inclusive) Performance, Feasibility
6.3.2. Other Observations

6.5. (inclusive) Conclusions

As a preview, U-Net is a processor-memory interface design derived usng Mirage
as amodd of the interaction as a protocol. The processor is augmented with a filtering
device, to accept only messages (opmdes) with guads (addresses) tha match the
processor( state (program counter).

The memory is augmented with a mechanism, called a Code Pump, to modd the
state of the processor (PC) as a set of possible states, usng a data structure (we cal it the
TreeStack). The mechanism sends data messages to the processor ([address, opoodd
pars) tha increase the modded state (i.e., send trandormations, usng a component
called a Diverger. The mechanism receives daa from the processor (PC values) that
collapse the modded state (i.e., receive trandormation), usng a component called a
Conveager.

This designis very similar to, and a supeset of, current research trendsin memory
anticipaion mechanisms, notable tha of proactive memory. Performance increases are
achieved by udng idle bandwidth during roundtrip latendes to send anticipaory
information. u-Net sende anticipation as suggested by Mirage

Measurements indicate that a smple, partial implementation would reduce opamde
pipdine gaps and increase processor peaformance by a factor of 10; a complete
implementation would increase performance by a factor of 300 to 3,000, when coupled
with a cache Feasible implementationsrequire a simple stack mechanism and as little as
400 bytes of storage to achieve the same peaformance over high latendes as a 50
Kilobyte cacheaone
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5.2. Introduction

Mirage provides methods for mitigating the effects of latency on communication,
provided tha the communication is well described by the protocol. In Mirage the
protocol doesn® merely police the information stream, it is the information stream.
Evaluaing Mirage requires the selection of a protocol in which shared state is thegod of
the communication, rather than merely a means for connection management. In Chapter
4, NTP was used to describe the abstract componrents of the Mirage modd in real terms,
but many aspects of Mirage did not have andogs in NTP. For further andysis of the
modd, a new domain was chosen so as to exhibit some features of Mirage tha existing
protocols do not possess. We cal the design tha results from this andysis u! Net
(pronoun@d MicroNetQ.

There are two common interpretations of a protocol - a mechanism to maintain
shared state (i.e., the protocol is the communication), and a mechanism to manage
communication (i.e., the protocol provides bit-trangmission). Existing protocols manage
only connection information as shared state; mog of the daa communicated is not part of
this shared state. For the shared state to comprise the actud communication, a large state
isnotrequired; in NTP as few as 2 variables (current time and rate factor) are shared. In
TCP asimilarly small number of variables are shared?, but this state information is used
to facilitate other daa trangmission. Most current protocols are not currently used to
manage state spaces directly (as Miragerequiresin order to show advantage).

A more complete investigation of Mirage requires the selection of a domain in
which communication protocols may not be nomally applied, yet one in which state
sharing is the god of the communication. We have chosn a doman in which
communication protocols are traditiondly not used, tha of processor-memory
communication. EXisting processor-memory communication architectures are shown
equivaent to existing protocols, and application of the Mirage modd yields novd
communication architectures tha improve peformance where tranamission latency is
high.

As discussed in Chapters 1 and 2, Mirage adds a parameter of trandt time to the
conventiond parameters of a communication channd, those of bandwidth and channd

ITCP state information conssts of the current connection information: the current
windownunber, oneof 11 connection states [ Co91b], and endpont address information.



Chapter 5 u-NET 105

width (paaleization) (Figure 5.1). Consder an andogous structure, in which the
communicating nodes are tha of processor/RAM and program memory (read-only)
(Figure 5.2); this example is justified by its similarity to the client-server modd of
computation, in which codeis stored on shared remote nodes, and utilized locally. This
structure is a variant of the Harvard-style architecture, in which the data busis loca to
the CPU and the code busis a latency communication channd. The ben€fits of this
architecture are not discussed here; it was chosen only as a domain in which to
demondrate the benefits of Mirage The application of the Mirage modd to this domain

provides methodsfor redudng the performance effects of latency.
NODE B |

Height = pardl€lization

NODE B | >

FIGURE 5.1

Mirage extends the channel model to include latency

Transit time

address

Program
ROM

code

SHARED STATE = program counter

FIGURE 5.2

Communication channel analog of processor/memory interaction

In this domain, performance is defined as the time of execution of a fixed code
measure. In some cases redudng the execution time is cosmetically desirable, i.e., the
computationd outcome remains the same, but a speedupis desired; it is in this way tha
performance is usudly consdered. Execution time is as valid a measure of code as any
other (i.e., correctness, completeness), and peformance can be consdered a correctness
criterion, especialy in time critical environments (see Chapter 3, on Real Time systems).

The characteristics of this architecture can be measured as the channel latency
increases. The channd is alogical interaction between the processor/RAM and program
memory, where the address of the desired codeand the codeitself are the communication
exchangeal across theinterface.
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5.2.1. The Domain - the processor / memory interface

A processor communicates with memory for two uses - retrieving daa with which
to opeaate and retrieving code to direct these opaations In the Harvard architecture,
these two communication streams are both logically and physically indgpendent?. The
domein consdered hee is a verson of this architecture, where the code stream
communicates across a distance, but the daa stream is local. This resembles a client-
server modd of computation, where the data (and perhaps1/0 devices) are located at the
CPU, butthecodeis archived at remote stations

The advantages of this example are not of prime importance to us here, athough
they have been discussed elsewhere (as RPCs, or simply shared codeon mounted disksin
NFS). In this domain the shared state is condse and the temporal and communicative
trandormation fundions on the state space are well undestood. The shaed state is the
address whose code is being retrieved (i.e., the program countr), and the state space
trandormations are indicated in the opoode (e.g., jump, jump-to-subrouting), in some
structure in the daa space (return), or implied (the default for mos opmdes). The naure
of these trandormation fundionswill be elaborated later; initially current architectures
are described, together with ther behavior as the code storage area is moved away from
the CPU/daa area.

The following discussion focuses only on communication beween the CPU/ddaa
storage (noted as CPU) and the code storage area (noted as Memory). The effects on the
communication of program code are measured as the program memory is moved away
fromthesite of its utilization.

5.2.2. Description of current architectures

The processor/memory interface can be conddered as a communication channd. In
conventiond computer designs a processor communicates with program memory by
either a request/respone or a timed-response protocol, usudly across a bus The
processor places the address of thedesired codeon abus and indicates a memory request
by a pulse or level on a signd line (e.g., readiwrite, memory request, etc.). Memory

1Sometimes Harvard architectures only indicate separate data and code caches; here
we intend tha code and daa are not only communicated separately, but also stored

Separately.
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respondsto this request by placing the opaode at the desired address on a bus, either
setting a reply line (memory ready, etc.) or assuming tha the processor will wait a fixed
number of clodk cycles for thereply. These two protocols are shown bdow (Figures 5.3,
5.4,5.5,5.6), bath as conventiondly shown as a businteraction (time/wire labd) (Figures
5.3, 5.5), and as a protocol time line (time/space) (Figures 5.4, 5.6). We denote the
former protocol as explicit; and thelatter astimer- based.

Explicit and timer-based protocols differ from the conventiond designaions of
synchronousand asynchronous Synchronousprotocols ensure (and rely) on signds being
aigned with the clock puses, and asynchronous protocols permit clok signd
independence. Timer-based protocols are synchronous but explicit protocols can be
either synchronousor asynchronous depending on whether the reply signd mug be
aligned with the clock pulse.

clock

address X valid
memory request / \\
data % /" /;X valid
memory ready /ﬂ
FIGURE 5.3

Explicit processor-memory protocol (voltage/time diagram)
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time |

\ v
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Explicit processor-memory protocol (as a protocol time line)

clock

address X valid

memory request /I \I
data THE fé{‘i’"xﬁ’f’///’ﬂ 7ZX vaid

> >,
fixed number of clocks

FIGURE 5.5

Timer based processor-memory protocol (voltage/time diagram)

start : :
set address lines | ! !
set request line ; E
H request !
: i | read address lines
. L ' i | access memory
fixed waiting time | ! !
: 1 | set data lines
:‘y:
end . '
time | '
FIGURE 5.6

Timer-based processor-memory protocol (as a protocol time line)

There are usudly few or no provisonsfor a failure of this request-respons type of
protocol; it is assumed that if this communication fails, little can be accomplished
anyway (i.e., if an arbitrary opoode cannotbe retrieved, nather can the interrupt handler
codel. If an explicit protocol is used, the processor would wait ind€finitely; if a timer-

1In fault-tolerant systems, an externd mechanism monitors opertation and switches
to a backup system or halts the current failure in a safe manne; systems do not peform
fail-safe fundionsafter ther own (arbitrary) failure.
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based protocol is used, the processor would read invdid daa, because it would not
otherwise know tha thememory had failed to reply correctly.

Congder the characteristics of this communication as the processor and program
memory are moved farther apart. In this description, CPU refers to the processor and
local RAM memory (read/write daa), and Memory refers to program memory (i.e., read
only). The two components communicate by a high bandwidth path (Figure 5.7), whos
latency increases as a parameter of thisinvestigation.

CPU = Memory

high latency
non-local path

FIGURE 5.7

Processor-memory interaction across a distance

This configuration is usudly augmented with a program cache (Figure 5.8). The
cache is located with the processor and communicates to it via a low latency, high
bandwidth pah. The CPU initiates a request for codeto the cache and the cache either
replies directly (in thecase of a cachehit) or forwardstherequest to the program memory
ove thehigh latency path. Thememory reply is forwarded back to the processor and also
copied into the cachefor later reuse.

low latency
local path

CPU [«—»| Cache [1H Memory

FIGURE 5.8

Processor-memory interaction via a cache

There are extensonsto this architecture which support prefetching, where the cache
requests program codein anticipation of its use by the processor. Thereceiver of the daa
(the cache, @GpeskingOfor the processor) asks for the data before it is needed; this is
caled alookahead cache

The Mirage modd, when applied to this domain, indicates a new way to design this
architecture. In this new design, the sender (memory) anticipaes the needs of thereceiver
(processor). This has been alluded to as proadive memory, athoughwe refer to a specific
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architecture here (i.e., suitable for implementation), whereas the prior work refers only to
a(Qpossible future direction(JKr91].

In the new architecture, called u/Net [To91d, a Code Punp manages the
anticipaion at the site of the memory, and a Filter Cache emulates the fundion of a
conventiond cache, isolating the processor from the details of the mechanism (so that the
system appears to the processor to beidentical to Figure 5.9 (CPU-memory only), except
in performance).

CPU < Filter - Code <~{Memory
cache pump
FIGURE 5.9

p-Net processor-memory interaction

In terms of the earlier protocol figures (Figures 5.4, 5.6), the protocol timelines of
the three architectures can be shown symbolically (Figure 5.10). The conventiond and
cache architectures exhibit the same protocols, except tha the cache can omit
communication when a hit occurs. A prefetching cache can retrieve multiple replies with
asingle request. p-Net permits memory to send replies before requests are received, i.e.,
the sende anticipaes the receiver requests (the gray line in the u-Net version in Figure
5.10).

CPU MEMORY CPU MEMORY CPU MEMORY
PRE-REPLY
TIME
/
Conwentionalcache Cachewith prefetch U-Net
FIGURE 5.10

Protocol timeline comparisons of processor-memory protocols

A conventiond architecture with a cache incurs a roundtrip latency expense (miss
pendty) whenever a miss occurs. A prefetching cache periodically requests blocks of
code in advance, whereas U-Net is a self-adgpting sende-based version of prefetching
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where the memory sends code that the processor might need and conaurrently receives
updaes of the processors actud state.

Cacheing is complementary both to prefetching and to anticipaory replies as
implemented in p-Net. Cacheng reduces access bandwidth to memory. Prefetching
increases memory use because fetched code may not be utilized; p-Net similarly
increases memory use by sending sets of codes (isopotent sets), but only onemember of
each set is used. Cachang is a way of looking into the past (of code use), making
assumptionsthat codeis reused in thefuture, to reduce memory bandwidth, whereas both
prefetching and p-Net are ways of anticipaing future requests (beyond jugt code reuse)
which subsequently increase memory bandwidth.

5.2.3. Effect of latency on existing architectures

The effect of latency on these architectures can be consdered by describing the
time it takes to execute some nunber of ingructions (N). Assume tha the processor
executes 1 indrudion pe time unit (t) (thus defined). A conventiond architecture
requires Nt time units to execute N ingructions This isthe optimal case, with respect to
the communication latency (i.e., latency is not considered, or zero) (Equaion5.1).

Equation5.1: T, =N*t

optimal

This formula is augmented to indude latency (i.e., as latency increases beyond a
negligible amouni), in Equaion 5.2, where r denotes the roundtrip latency. Negligible
latency is defined as any time at least oneorder of magnitude smaller than the execution
time of a single indruction, in which case Equaion 5.2 reduces to Equdion 5.1 (i.e,,
latency contributionsare negligible in comparison to ingruction execution).

Equation52: T =N*(t +r)

conventional —

Performance is described as the time required to execute N ingructionsvs. thetime
required in the optimal case. The ratio of particular execution time to optimal time is
defines the dowdown (Equaion 5.3). This ration in conventiond architecture andysis is
usudly called the speedup, but we consider cases where the indances examined are
dower than optimal. In the case of a conventiond architecture, thisis Equaion5.4.

Equation5.3: dowdown = Tineasured

optimal
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Equation 5.4: Yowdown = —conventional — 1 4 —

conventional -l-opti . t

In the case of the conventiond architecture augmented by a cache, the effects of the
latency are reduced propottiond to the effectiveness of the cache utilization (Equaion
5.5). M denotes the probability of a miss in the cache On a cache miss, both the round
trip and the execution time are incurred. A cache hit cogs only oneingruction execution
time. Equaion 5.6 reduces to Equaion 5.4 where the cache is 100% effective. In this
case, No communication costs are incurred, because al code accesses are intercepted by
the(local) cache

Equation55: T__,. =N*(t+r*M)

cache

Equation5.6: dowdown_,. =1+ M* %

cache

Thetime to execute N ingructionsin an architecture where the cache prefetches can
aso be described. Let k denote the prefetch length, in ingructions Further
characterization of the communication stream will be required to estimate the probability
of a prefetch occurring (described later), as used in the equdion.

Prefetching is usudly implemented in a linear fashion only. When an opaode at
address i is accessed, address i+1 though i+k are prefetched, where k is the linear
lookehead, and usudly k is the number of opadewordsin a cache linel. A miss occurs
when the prefetch fails to anticipae the next opoode used, i.e,, when the linear
anticipaion assumed by mog implementationsis breached. Misses also occur when the
degtinaion of a control tranger ingruction (e.g., BRANCH, JUMP, CALL, RETURN) is
notin thecache

At mog, prefetches occur at the miss rate of the cache alone (i.e., the same as
without prefetching). The actud prefetch miss rate is a'so at mog the rate of occurrence
of control ingructions because the opadeafter acontrol trander may notbein the cache
(Equaion 5.8).

Control indructionsare assumed always to prevent the prefetch of the next opaode
This assumption is valid for JUMP, CALL, and RETURN opades, but it is not aways
valid for BRANCHES. In the case where a BRANCH is not taken, the next opadeis

1In an Intel 80386 k=4; in mog cachesthelinesizeis between 4 and 8.
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successfully anticipated. Because branches are taken about 50% of the time [He90], the
formula can befurthe refined (Equaion 5.9).

For the moment, the probability of a fetch occurring is denoted as F (Equaions
5.7,5.10). F isalways lessthan M, because control ingructionsare only part of the cause
of misses in a conventiond cache, so Equaion 5.7 isaways at least as goodas Equdion
5.5. Empirical values of F and M are discussed in Chapter 6.

Equation5.7: T g = Nt +1*F)

Equation58: F! J+B+C+R+|

where opadeoccurrences are denoted by percentages:
J =% JUMPS (direct only)
B =% BRANCHES (direct only)
C =% CALLS (direct only)
R =% RETURNS!
| =% other indirect opoodes (JUMPS, CALLS, BRANCHES)

. B
Equation59: F! J +E+C+ R+

. r
Equation 5.10: Sowdown ., =1+ F *?

In p-Net, the equaions are a little more complicated. The time to execute the N
ingructions depends on the ability of the Code Punp to predict correctly the opaodes
desired by the processor. The probability of an incorrect prediction is denoted as P, and
one round trip time will be required for each misprediction, to allow the processor to
fetch the desired data which is not aready available (Equaions5.11, 5.12). This case
reducesto theoptimal (Equaion’5.1) where P = 0, i.e., when the predictionis pefect. An
estimate of P will be discussed later, with the conditionsunde which it is smaller than F
and M.

Equation5.11: T, = N*(t +r*P)

1The percent of CALLS and RETURNS are not aways equd. Some systems
permit direct stack manipulations or returnswhich pop out of multiple nesting levels.
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=1+ p*Z

Equation 5.12: Slowdown »

UNet

5.3. h-Net

H-Net [To91b] refers to our choice of the processor-memory interaction as being
andyzed by a communication modd, Mirage Thisisin keeping with thetradition that all
protocol research, at onetime, musgt coin a network name suffixed in Met® This was not
donewith the modd name (MirageNet?), so the tradition is uphdd in the name of the
example.

Thep-Net domain is easily modded in Mirage by suitably defining the shared state
gpace and by defining the state trandormationsof Mirage in terms of this space. In this
example, communication is affected by classes of opaodes in theingrudion stream. The
usud techniques of cache prefetching, widening cache line sizes, and branch prediction
are confirmed from the Mirage modd of p-Net. Further, p-Net exhibits new techniques
for active opamde anticipaion, which are only recently being proposd as new solutions
to latency issuesin architectural design. Also, some simple data structures in the memory
interface can reduce the latency for some kinds of memory access opeaations these
structures implement isopotent anticipation as described in Mirage

In orde to condder the Mirage modd of p-Net, the components of p-Net need to
be defined in terms of the modd components in Mirage Thefirst and mog fundamental
of these isthe shared state between thesende andreceiver.

In the processor/memory interface, wha state is shared? Usudly, this is minimally
the program countier (PC) value The program counter denotes the address of the next
ingruction desired, to be placed on the address lines when a memory request is made
During the memory request, tha address is received by memory, after which the desired
opade is replied. The state space is thus the space of all PC vaues. Conventiond
protocols communicate by undestanding the state of the remote nodeas a point in this
gpace, and moving this point explicitly. Therefore, until the memory receives the new
value of the program counter, the previousvalueremainsin effect, as far as the memory
isconcerned (Figure 5.11).



Chapter 5 u-NET 115
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FIGURE5.11

CPU state and Memory image

In terms of the Mirage modd, the state is a PC value and an imageis a set of PC
values, i.e., asubst of theentire PC space. Trandormationsmap PC values onto new PC
values, or sets onto sets.

Thevalue of the state space changes with the progression of time, the sending of a
message, and the receipt of a message The state space, in this case, is the program
counter, because the memory modds the processor@ current PC value.

This andysis condders the memory@ modd of the processor, not the processor3
modd of the memory. This is appropriate because the communication is essentially
unidirectiond, althoughthere are components in both directions(control in onedirection
vs. daaintheothe).

5.3.1. Timetransformations

As time progresses, two thingshappen at the processor. The processor is executing
the current ingruction, then it mug wait for opaodes to be sent from memory, sitting idle
until its request for the subsequent opcode is serviced. As a reault, the state of the
processor (i.e., the PC, the pat of the state tha the memory is conaerned with) is stable
during the execution of theingruction, and changes only afterwards

This assumes, however, tha there is no cache at the processor. When there is, the
processor may use opades already in the cache during thetime lapse. Theopmdesin the
cache have aready been sent from memory, so they are aready accountd for in the
memory@ image of the processor@ PC.

The passage of time then, in this domain, denotes the scheduling of the need for
opades by the processor. During thetime in which the current opaodeis executing, the
PC image does not change At the time when the execution changes, the PC image
changesto reflect the need for the next opade

The smplified modd assumes a RISC architecture with a single opade execution
time. Variability in execution times (e.g., in CISC architectures) can be accommodaed
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by tables in the sende when opcodeexecution times are static, or by a dynamic structure,
if execution times vary, as in pipdining. This latter dynamic structure emulates the
pipdineactivity, in order to predict theneed for new opaodes at the pipdineinput
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5.3.2. Receive transformations

When messages are received, the state space collapses accordingly. There are cases
(in Table 5.1) in which the state space of the program memory can grow, by modding
both arms of a conditional, or by expanding to the limit of the state space (in the case of
indirect opmdes). The messages received by the program memory are processor PC
values, which collapse the PC value set in the program memory to a single value In fact,
in this case, the PC set is collapsed to the value received, and then expanded to accourt
for thetrangt time of themessage In thisway, the PC set in the program memory always
modds the PC of the processor, out of sync by thetrangt time of a message

5.3.3. Send transformations

When information is sent, the state space expandsthroughthe unioning of the sets
of state space before the message and that state space as affected by the message The
state space congsts only of PC vaues (and possible PC vaues), so the actud opmdes
sent are ignored, except in the way in which they affect the current PC. The memory has
some set of possible PC values; it sendsthe opcodes as these PCs indicate (i.e., it sends
the opmdes at those addresses), and tranorms each PC by a function indicated by the
opade After trangmission, the new PC set becomes the union of the prior set and the
trandormed set. For example, if the opaode is ordinay (OTHER, i.e, not otherwise
distinguished hereafter), the PC would increment when the opadeis sent. The resulting
PC set isthe union of the PC and PC+1. The trandormation dependson the opade sent;
some opaodes increment the current PC, some trangorm it, some expand it to a set of two
PCs (i.e., two possible PCs), and some expand the PC to the set of all PCs (Table 5.1).

In themog general case, the PC would be arbitrarily trandormed with each opaode
butthisis not effective in modding the evolution of theimprecision of the knowledgein
the PC as known by the program memory. Because the program memory knows the
contents of the message (i.e.,, the opaodeg, it can determine how the message will
potentially affect the PC at the processor (i.e., thetrandormation).

Theimage of the PC in the program memory is trandormed differently for various
classes of opades sent. The opaodes are distinguished only by the way in which they
trandorm the current PC over time (Table 5.1).
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OPCODE trandorm: new PC values are computed based on...
PC!

otherl PC+1 PC

direct jump PcO PC, opmde

indirect jump {all PCs} PC, opaode any CPU register, program or
data memory value

direct call PcO PC, opaode(prior PC is stored in a known
structure in RAM )

indirect call {all PCs} PC, opaode any CPU register, program or
datamemory value(prior PCisstoredina
known structure in RAM )

direct branch {PC+1,PC® PC, opmde

indirect branch  {PC+1,PCO ' PC, opmde any CPU register, program or
data memory value

return PCcO stored in a known structurein RAM
(previoudy saved)

TABLES.1

Opcode time transformations

118

For the mgjority of the opaodes (denoted as OTHER), the PC is incremented. In the

case of a JUMP, the program counter becomes a new value based on the destination. In
the case of a BRANCH, the program counter becomes one of two new possible program
countr values, onebeng theincremented PC, the other being the newly indicated branch
degtinaion, thusthe modd of the PC becomes a set of PCs. This is the expangon of the
state space referred to in the Miragemodd.

At some later time, at the receipt of a message from the processor, this set is

1].e, nototherwise listed in this table.

collapsed down to a single member. CALLSs behave similarly to JUMPs, except that in
addition to peforming the trandormation indcated, some local state is maintained (in a
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stack). A RETURN utilizes this local state to peform a JUMP back to the opaode
following the origin of the corresponding CALL.

The table distinguishes between direct and indirect types of jumps, branches, and
calls, because in the former case the resultant PC can be computed, whereas in the latter
the state space becomes completely unpredictable! (i.e, it expands completely to
encompass the entire state space). Opcodes differ in the way in which they affect the
expandon of the state space over time; this is the criterion for patitioning them as
described.

In the case where the PC set expandsto the limits of the state space (for indirect
opwdes), furthe tempora trandormationsbecome impossible to compute. The memory
mug wait for a message from the processor of the actud PC value chosn, before it can
proceed further. Indirect opades necessarily cause Gubbks in the communication loopO
where sende anticipation cannot be accommodaed. Indirect opades, are, in effect, too
unpredictable to modd.

5.3.4. Guarded messages

In the conventiond processor/memory architecture, there is no need to labd the
opades which are sent from memory, because only one memory request is outstanding
per unit time. Even in the cache prefetch case, the cache either requests each memory
valueindependently, or an initial request is made and the resulting values are assumed to
arrive sequentialy.

The opmdes beng sent from memory mug be labdled, in order to pemit the
processor to receive them conditiondly. Consider the case where the PC modded in
memory containsa BRANCH instruction. Memory sendsthe next ingructions but more
than one indruction is sent (i.e.,, more than one possible next request, as discussed
before). Replies to these requests mug be differentiated, so that the processor (which
knows its own state) can select the appropriate one Althoughthere are more efficient
labdlings the opamde can be labdled with the pat of the state space to which it applies

Indirect jJumps can be limited to the set of labds in the program source code
assuming tha the compiler ensures such restrictions and tha the executable code
containslabd information. This will be discussed in the prior work of p-Net, in Chagpter
6.
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(i.e, withthePC it islocated at). A single bit could be used to indicate the two arms of a
branch,, but any labd thuschosen is limited to some finite partitioning of the state space
(i.e., only 1 branch lookahead per bit).

5.3.5. Partitioning the state space (stability)

The state space is not partitionad into sets of PC values, which would be
computationdly prohibitive. The PC image may indicate two PC values which request
the same opaode, which could be sent only once with a guad indicating both PCs. Such
an implementation would be excessive, because the resulting redudion in bandwidth
would be at the expense of excessive encoding.

Ingead, the state space is patitionad into itsindividud points (single PC values), so
each message (opoode requires a single PC value as a guad. The state space is not
separated into Qast timestep / this timestep® as in the union of the two spaces in the
Mirage send trandormations p-Net assumes tha messages are not lost, so the prior state
(before the sent message) need not be retained. This prevents having to resend opcodes,
unde the assumption tha the communication channd is losdess. If messages always
arrive, in some fixed time dday, the part of the state space which correspondsto the prior
state can be ignored because the probability dengty highly favors the send-transdormed
state.

5.3.6. I sopotent sets

There are two andogs of isopoent sets in this domain. In the first, isopoency
occurs when two PC image values recombine, i.e., when ingrudion streams reconvege
In the second, isopoency indicates the satisfaction of both paths of a conditiond by the
set of both detinaion opades. This latter isopoency is accommodaed in p-Net by the
expandon of the state space when a BRANCH occurs, because subsequent message sets
furnish both arms of the branch.

The reconvegence case occurs either during a single timestep (smultaneoudy), or
a differing timesteps For example, when two current PC image values JUMP to the
same location, the streams convege smultaneoudly. This convergence is managed as a
side-effect of ourimplementation; if two PCs in the image at time t become the same at
timet+1, only oneremains
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When a forward branch occurs, the streams conveage at different time values,
because the PC of the branch-taken stream is the same as the PC of the branch-not-taken
stream at some earlier time. This is not handled in p-Net. In this latter case, isopoency
also exists where two PCs in the image become one, but only under message sequences
of different length. If information were maintained on the past state in themodd (it isn®-
see the discussion on Partitioning, above, this recombinaion would be recognizable.
H-Net cannottake advantage of the case where one stream becomes a time-shifted image
of another stream. Thisinability is not corrected because the complexity in modding past
time images would be prohibitive, and a correspording benefit may not exist.

As aresult, the way in which a set is isopoent dependson the ways in which the
members of the trandormed set are conddered equivalent, i.e., the way in which the
messages are equivalent.

5.4. u-Net - Design

Although Mirage is an abdract modd whose direct implementation was argued
agandg, p-Net can be implemented directly. Modds are not usudly intended to be
implemented, but the domain of this problem has been sufficiently condrained to permit
such an implementation to be reasonable, both to give a real impeus to the abdract
modd and to permit a better undestanding of themodd @ advantages.

Communication in p-Net is unidirectiond - athough the processor needs to
communicate its state to the memory to specify the desired opaodelocation, the processor
is modded in the memory, and not the convase. Only the memory is conaerned with the
state of the remote entity (processor) here. The modd of the processor can be
implemented by putting a PC in the memory. In fact, a structure is placed near memory
which will permit themodding of more than onepossible PC.

5.4.1. The Code Pump

The Code Pump manages the image of the processor for the memory. It also
containsthe send and receive mechanisms, insofar as they affect the state space modded
within the Code Pump. The Code Pump implements the time, receive, and send state
gpace trandormations and the state space image (abdt limited) (see detail, Figure 5.12).
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FIGURE 5.12
Detail of Filter Cache and Code Pump of p-Net

The Code Pump contains three main components. a TreeStack data structure, a
Conveager, and a DMA/Diverger. The TreeStack structure maintains the image of the
processor@® PC; its tree-like attribute manages bifurcationsin the PC image caused by
sending BRANCH opades, and its stack-like attribute manages the information of saved
and restored PC images which are caused by CALLs and RETURNS, respectively.

The Convege manages the collapse of the PC image in the TreeStack structure, as
indicated by the receipt of messages from the processor (i.e, addresses). The
DMA/Diverger manages the preparation and sending of messages anticipaing the
processor@ request (DMA), and the expansion of the PC image in the TreeStack, as
indicated by the send trandormations

54.2. TheFilter Cache

TheFilter Cache serves only to make the Code Purmp mechanism appear invisible.
It buffers data coming in from memory, and passes through only opamdes whose |abd
(PC vaueg i.e., address) match therequested address whose data the processor is waiting
for. All other daa, for addresses not requested, is thrown away. It thusimplements the
receiver requirements for guarded message use.
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The Filter Cache needs only a small amount of space to opeate. If the rate of the
processor is known(i.e., the rate at which opoode requests are issued, which is nearly
trivial in a RISC processor), the Filter Cache needs only one opooddaddress unit of
gpace. The opmde arrives with the address as a conditiond labd (guad), so tha the
opade is used only if the address is pending a request, which is the pumpos of the
comparator in thefilter. The Code Pump knows this rate, so it sendsthe messages only
when needed (see the time trandormation).

The Filter Cache is also completely compaible with a conventiond cache in
paalel at the same location. The Filter Cache@ pumpos is to manage the incoming
stream of new information, and pass the relevant parts on to the processor, whereas the
conventiond cache passes old information back to the processor. The two caches are
complementary.

5.4.3. Degrees of design

The modd is implemented directly in p-Net, so there are some variationsto the
level of implementation which can be peformed. For example, a TreeStack structure
cannot be effectively implemented which modds the PC after an indirect opade
because the state space grows to its limits, and further partitioning of the state space to
predict the next desired opaodeis impractical. Thedesign can befurther simplified by not
implementing any branch trandormations or not implementing RETURNS,. The
following is an enumeration of the variouslevels of implementation, in increasing order
of complexity (Table 5.2).

In the Code Pump implementation, the effects of the sent message on the PC image
mug be modded, as well as modding the old image (i.e., unioning of the undfected and
affected PCs). One simplifying implementation decision is to ignote the possibility of
message loss, and omit the old PC image, replacing it with the new oneas soon as the
message (i.e., opade is sent. This works unde the assumption that messages are not
log, smply ddayed by a fixed time, in a way tha simplifies the design to accountfor a
redudion in the probability of statesin the old image remaining valid.

The Code Pump can be implemented as a null device, which reduces to a
conventiond or conventiond plus cache architecture. Prediction can be limited to only
OTHER opmdes, where the Code Pump requires only a single PC image and an
incrementer. This is andogousto an opade prefetch in current CPUs (680x0, 80x86,
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MIPS, SPARC, etc.), but differsin tha the PC and incrementer are placed in the memory,
rather than in pat of the processor (i.e., the PC is on both sides of the interface), thus
redudng the comparable latency by hdf. At this point, the Filter Cache needs only 1
element of space to opeate - to hold the opoode/address par as it is received, and to
compare it to the current desired address.

Level of Filter size CodePump Storage required (in
opodes Components | CodePump, in PCs)?
done
(none (null) (null) (none
other 1 element increment 1
other, jump (same) adde 1
other, jump, (same) (same) 1
cal
other, jump, (same) adde, stack avg. pending depth
cal, return
al but 2 elements adde, TreeStack | | b $
indirect? %H 2+1§
TABLES5.2

Degrees of implementation, and the implications of each

When the Code Pump is augmented to handle JUMP opoode messages, the
incrementer is conveated to an adde, to accommodate the ways in which JUMP opades
ater the PC - by direct overwrite, or by PC-relative addressing (i.e., add a condant to the
current PC). CALLs can be smilarly accommodated with no increase in complexity,
assuming we do not store theorigin of the CALL opcode

1IL=limb length, r=roundtrip time.

2The extra bits in the Filter Cache encode the choices made at each branch pending
in the roundtrip communication, and are used only if the guads on incoming messages
are so labdled. If theincoming guadsare labdled with complete addresses, this storage
can beomitted.
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In order to accommodae RETURN opades, a more complex structure in the Code
Pump is required to image the PCs in the processor. When a CALL is encountred, the
Code Pump mug hold the current PC in storage so tha when the corresponding
RETURN occurs, the destinaion address implied can be degermined. The state space
image modds the way in which a CALL causes the current PC state space location to be
moved to a new point, for later return. This is a recursion in state space, such tha a
CALL isan entry point into a fresh copy of the state space, and a RETURN is the lone
exit point from this state space, back to the original. Recursive state space manipulation
was hot envisaged when Mirage was developed, but it appears a naural extenson of the
application of themodd.

The natura daa structure for maintaining this recursive space image of the PC
gpace is a stack. p-Net proposs to put a stack on the memory side of the interface, to
permit the memory to modd the PC trandormation of a RETURN opmdemessage The
memory can then proceed to subsequent messages (following the RETURN, in logical
sequence), rather than being required to wait for an explicit request from the processor.

There are only two other classificationsof opodes, whose message transformations
have not yet been conddered: INDIRECT (e.g., indirect branch, indirect jump, and
indirect call), and direct branches. INDIRECT opcodes trandorm the existing PC image
to one which encompasses the entire PC space, as noted before. The result of this
trandormationisto prevent subsequent partitioning of the state space, to pemit messages
to bedeermined. If an indirect opadecan indicate ajump to any PC, there is no way to
predict the next PC to send withoutfurther assumptions Memory is forced to wait for an
explicit request from the processor, because only the receipt of a request message will
cause the state space to collapse (to the PC indcated by therequest).

The assumptionsunde which an INDIRECT opaode may be predictable are those
which restrict the definition of those opades. Andysis of source code or suitably
supplemented object code can indicate a list of possible indirect jump, call, or branch
locations If the compiler restricts indirect opaodes to jump to computed values which are
members of this list, then the opaode could be predicted. Indirect opoodes so restricted
are equivalent to a fixed dispach handler with a passed offset argument. In the handler,
the passed argument denotes the requested jump destinaion. This mechanism requires
compiler participaionin therestriction of the action of indrect opamdes. p-Net makes no
assumption about coopeation of the compiler, and is intended to be compatible with
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exiging object code which is not subject to INDIRECT jump restrictions True
INDIRECT opades do nat limit the control flow to known compiler labds.

The forced wait for communication from the processor upon execution of an
indirect opadeis sendble, because the new PC vaue dependson information which the
memory does not have, such as values in RAM or processor registers. Indirect opaodes
provide a trandormation of the state space which is too powerful to modd. This can be
used as an argument for a more restricted form of indirect branching, such as a multiway
table jump, especially because indirect opoodes are used mainly for such table jumps
anyway. Any form of indirect opcode which permits the PC space to expand in a finite
way, but not to its complete limits, would be able to be accommodaed by the Code
Pump.

One such verson of a limited indirection is a BRANCH, in which only two
resultant PC values are pemitted (oneis always PC+1, and the other is specified in the
opadeby either a PC offset or anew PC value). When aBRANCH occurs at asingle PC
value, the trandormation becomes a set of two PCs. The Code Pump requires a much
more complex, but realizable, structure to implement the image of PCs unde BRANCH
messagetrandormations We call this structure a TreeStack.

5.5. Elaboration of degrees of design

These variationson implementation require various degrees of complexity in design
of the components of pu-Net. All involve the maintenance of data structures in the Code
Pump, where the Diverger manages creation and extenson of the data structure, and the
Conveager manages redudion. The Filter Cache also varies in design, athough only
minimally so, in compaison to the Code Pump. Here we elaborate on the previous
descriptions and provideimplementation designs

These designs are notintended to be computationdly optimal. Delays caused by the
complexity of an implementation would further limit potential anticipaion. Only the
combined recursion and branching anticipaion design is succeptible to such complexity;
al other designs can be implemented as effectively as exising CPU/memory
components.
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5.5.1. No opcodes anticipated (Null implementation)

The null implementation uses a Null Filter Cache (i.e., no Filter Cache), and a
nearly-null Code Pump. All memory requests from the CPU are forwarded to the Code
Pump, where they are latched onto the opaodememory address port (asin a conventiond
design). Opoodesin reply are sent back to the CPU. TheFilter Cacheis nonexistent, and
the Code Pump is a memory address latch. Tables 5.3 and 5.4 describe the Null Filter
Cache, and Tables 5.5 and 5.6 describe the actions of the Null Code Pump components
(Conwerge and Diverger, respectively). Figure 5.14 denotes the daa structure
maintained. Figure 5.13 denotes the Null design of the Filter Cache

The Null p-Net implements the point modd of communication. The Code Pump
modds the CPU as a point in state space, i.e., the last address requested is stored in a
latch (PCvalue), representing the last known PC state of the CPU. The latch vaue is
updaed only after the current opaodereturnsto the CPU, is executed, and a new address
(PCvaue is communicated to the Code Pump; the alternaion of control between the
CPU execution and the Code Pump latching is denoted by the use of the signd variable

(Flag).

Current CPU opaode : Action

any opaode send current PC to CodePump Conveger

TABLE 5.3

Null Filter send actions

Messagereceived Action

any opaode send opoodeto CPU

TABLE 54

Null Filter receive actions
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Messagereceived Action
any PC overwrite PCvalue
set Flag
TABLES55

Dataareaitem

Null Converger actions

Action

PCvalue & Flag set

fetch opaodeat PCvalue
send opaodeto Filter Cache
set Flag

TABLE 56

Null Diverger actions

PC from CPU

PC to Code Pump

»

v

|

opcode to CPU
b

opcode from Code Pump

« «

<

FIGURE 5.13
Null Filter Cache design

D

PC value Flag (1 bit)

FIGURE 5.14

Null data space

5.5.2. Unit Linear opcodes anticipated

Unit Linear anticipaion extendsthe Null design to accommodae the anticipaion of
regular (OTHER) opaodes, i.e., thoe opades which trandorm the PC by a unit addition
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(i.e, PC! PC+ 1). TheFilter Cache can be more selective in sending PC vaues to the
CodePump, because when @theGopades are encountered, no PC need be sent.

In the same way as the Null implementation, the Flag variable indicates whether the
anticipation may proceed or when it mug cease and await resynchronization. The latter
occurs whenever the Code Pump Diverger encouniers an opwmde whos future path
cannotbedetermined.

TheUnit Linear Filter Cache has a new set of send actions(Table 5.7), butthe same
receive actions as the Null Filter Cache (Table 5.4). The Unit Linear Conveager is
identical to the Null Conveger (Table 5.5), butthe Unit Linear Diverge is augmented to
follow the PC pah during pumping of opoodes (Table 5.8). Figure 5.14 denotes the data
structure maintained, as before in the Null implementation, because no other daa is
required. Figure 5.15 shows the modified design of the Unit Linear Filter Cache to
accommodae therequired opoodetypeinformation.

Current CPU opmode : Action

O@therGopmdes { noaction}

jump, call, return, send current PC to CodePump Conveger
branch, or indirect

TABLE 5.7

Unit Linear Filter send actions

Dataareaitem Action

PCvalue& Flagset | fetch opoodeat PCvalue
send opaodeto Filter Cache

Typeof opaode
@theO PC
I PC+1 jump, call,

return, branch, or indirect:  reset Flag

TABLE 538

Unit Linear Diverger actions
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FIGURE 5.15

Unit Linear Filter Cache design

5.5.3. Linear opcodes anticipated
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Linear opades transform the state space by some congant amount, notjus ACesin
theUnit Linear case. TheseindudeJUMP and CALL opwdes. Linear anticipation can be
accommodaed by a minima modification of the unit linear anticipaion design. The
Linear Filter Cachereceive and Linear CodePump Conveger remain unchanged, and are
till thesame asin the Null implementation. Filter Cache sent data changes only in which
opades activate message emission (Table 5.9).

Similarly, the Diverger is extended to add arbitrary fixed offsets, as extracted from
within the JUMP and CALL opaodes (Table 5.10). Thedaa space remainsunchanged.

Current CPU opaode

Action

@therQjump, call

{ noaction}

return, branch, or
indirect

send current PC to CodePump Conveger

TABLE 59

Linear Filter send actions
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Action

PCvalue & Flag set

fetch opaodeat PCvalue
send opaodeto Filter Cache
Typeof opmde
@thea®
PC! PC+1
jump, call:
get &&fromopamde
PC! PC+k
return, branch, or indirect:
reset Flag

TABLE 5.10

Linear Diverger actions

5.5.4. Recursionand Linear anticipation
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Extending the Linear p-Net design to accommodae recursion (RETURN opoodes)
involves extending the data structure to modd a kind of Gpace embedding.OThe data
structure is a smple stack of PC values, with the same (single) signd Flag as before
(Figure 5.16). The Recutsion Filter Cache receive mechanism remains unchanged (same
as in the null design), and the send mechanism is changed to omit messaging upon
@eturnOopoodes (Table 5.11). The Recursion Convager remains unchangad from the

Null design.

The Recursion Diverger indudes not only the linear trandormation components
of thelinear anticipation design, but also addsthe @ush&and @oplpeationson the data
structure to modd the state space embedding (Table 5.12).

Current CPU opaode

Action

@therQjump, call,
return

{ noaction}

branch or indirect

send current PC to CodePump Conveger

TABLE 5.11
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Recursion Filter send actions

Data areaitem Action
PCvalueé& Flagset | fetch opoodeat PCvalueon stack top
send opaodeto Filter Cache
Typeof opmde
@thea®
PC! PC+1
jump:
get &&fromopamde
send opaodeto Filter Cache
PC! PC+k
cal:
pugh PC+1 onto stack get
@&G&from opaode send
opadeto Filter Cache PC
I PC+k return:
poptop off
stack and discard branch or indirect:
reset Flag
TABLE5.12

Recursion Diverger actions

O

PC value stack Flag (1 bit)

FIGURE 5.16

Recursion data space

5.5.5. Branching and Linear anticipation

132

Before attempting to augment the Recursion anticipaion design to accommodae

branching, it is easer to show the extenson of the smple linear anticipation for
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branching alone Later recursion and branching are combined, but here each is shown as
independent extensonsto thelinear case.

The point modd of the PC of the CPU of the linear case is replaced with a
branching set modd. The single PC valueis replaced with a tree of values, each element
of which is shown in Figure 5.17. This allows multiple smultaneous active PC values,
denoted by the active leaves. @\ ctiveOdenotes a valid PC modd, which was indicated in
the prior designs by a set Flag value Each leaf of the tree can be active or inactive.
Interior nodes of thetree are inactive by definition.

Now tha branching has been added to the set of opmdes accommodaed, the
components of the design take on activities denoted by thar names. The Branching Filter
Cache send portion emits messages indicating either which branch was taken, or how to
reactivate an inactive leaf of the daa structure (caused by indirect and return opomdes)
(Table 5.13). The Branching Filter Cache has a different internd structure, modified to
retain PC values in a shift register in order to enable indirect and return opcode messages
(Figure 5.18).

The Branching Filter Cache receive portion of the branching design performs the
filter fundion, matching outgoing PC values to incoming (PC,opade pars (Table 5.14).
In this way multiple alternae streams of opcodes sent by the Branching Code Pump can
bedistinguished.

The Branching Diverger extends the state space of the Branching Code Pump@
modd of the CPU@ PC value, by splitting a single leaf into a branch with two leaves, in
the case where a branch is encouniered. Each arm of the branch has its own new PC
value, and is labdled with the first PC value encountered on the branch pah. The
Branching Conveger matches incoming branch selection PC vaues to the set of all
branch labds, indicating a nodein thetree where the CPU state has been in the past. The
nodes in the tree supeior to the indicated nodeare possible subsquent states to the past
CPU date, and are kept; al other states denote possible states which the received PC
valuehasinvdidaed, and are dd eted.

Only leaves in the tree indicate currently active pahs and so the @MA10in the
Branching Diverger sends opaodes for each active leaf. Leaves which encounter indirect
or return opades are inactivated. A separate message type from the Branching Filter

IDMA standsfor Direct Memory Access, and represents a component smilar to the
system-level component of the same name.
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Cachereactivates these leaves and del etes thewhole remainde of thetree when received.
These activities are indicated in the specifications of the Branching Conveger (Table
5.15) and Branching Diverger (5.16).

Flag

PC value

Prev

LEAF

PC value
LABEL /

Prev

VERTEX TREE

FIGURE 5.17

Branching data space

Current CPU opmode : Action
@therQjump, call, { noaction}
return
branch send (B current PC) par
indirect send (®Q current PC, previousPC) triple
TABLE5.13
Branching Filter send actions
Messagereceived Action

(PC, opaodsg par

if (current PC = PC)
then send opaodeto CPU
else{ ignore par }

TABLE 5.14

Branching Filter receive actions
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PC from CPU PC to Code Pump
———»—»| THIS || LAsT | >

opcode type from CPU

»
>

—«<] «

opcode to CPU

opcode from Code Pump

FIGURE 5.18

Branching Filter Cache design

Messagereceived Action

(@CxhisPC) find thisPC amongbranch labds ddete all
buttree supeior to foundnode

(®CthisPC,lastPC) find lastPC amonginactive leaves ddete
al butfoundleaf activate foundleaf

TABLE 5.15

Branching Converger actions

Data areaitem Action
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fetch opoodeat leaf PC
send opaodeto Filter Cache

Typeof opmde
@thea®

leaf PC! leaf PC+1
jump, call:

get &&fromopamde

send opaodeto Filter Cache

leaf PC! leaf PC+k
branch:

mark current leaf asinactive

get &Gfromopmde

add child leaf1

leafl RC! leaf PC+1

activate leaf1

leafl labd ! leaf PC+1

leafl prv! leaf add
child leaf2

leaf2_RC! leaf PC+k

activate leaf2

leaf2_labd ! leaf PC+k

leaf2 _prev! leaf return or
indirect:

inactivate | eaf

TABLE 5.16

Branching Diverger actions

136



Chapter 5 u-NET 137

5.5.6. Combining Recursion and Branching anticipation

The find and mog complete p-Net design indudes anticipaion of both branches
and recursion. This requires a merging of the aspects of the Recursion anticipaion and
Branching anticipation, which is caled Total anticipaion. Indirect opades are still not
anticipated in theTotal version, because they cannotbe anticipated at all?.

Firgt, the data structure is augmented to provide aspects of the stack required for
recursion and the internd vertices required for branching (Figure 5.19). There are two
types of daa structure components, unay and binary elements. A leaf isaunary element
with an empty GextOpointer, and denotes one of the posible CPU PC values being
modded (eithe active or inactive). A restoration is an inactive unay element, and
encodes a past call location, to be used when areturn opoodeis encountered. A vertex is
a binay element. Active leaves denote modded PC vaues, and inactive leaves denote
pending indirect opades, which cannotbe modded.

[ [
Q »
Next E'I O O
PC value B1 B2
q
LABEL LABEL 2 a
M
Prev Prev L
UNARY BINARY ‘\
ELEMENT ELEMENT I
TREESTACK
FIGURE 5.19

Total Anticipation data space

1Agan, we claim tha indirect opaodes which are imited to compile-time jump
labds are equivalent to a fixed set of branches, and preclude the intent of an indirect
opade which isto permit unpredictability.
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The TreeStack is amore genega structure than either a stack or tree. The Recursion
anticipaion daa space conssts of unay elements only, i.e, in a linear stack. The
Branching anticipaion daa space consists of vertices and leaves only, i.e., a smple
binary tree, with nointernd unay elements.

556.1. The TreeStack

A TreeStack isa union of thenotions of atree and a stack. It is both a tree of stacks
and a stack of trees. The stack implements the maintenance of the pending stack
information (as produed by CALLs and consumed by RETURNS), in concert with pah
divergence information as indicated by BRANCHes. With respect to the stack, a CALL
causes a push, and a RETURN refers back to the mog recent pending CALL onthe pah
previousto tha PC. When all arms of a branch have been RETURNED or if oneis
selected (viaarecelved message), theunusd arms disappear (are prunal); in thisway the
tree aspect of the structure is managed.

The purmpo< of a TreeStack is to permit storage of RETURN addresses when a
CALL message is sent (to modd the recursion of the state space), and to pemit the
storage of the pars of resultant PCs when a BRANCH message is sent. RETURNS
should cause the structure on the path back to the originaing CALL to be poppel, unless
these structures remain in use by pending BRANCHes. Multiple branches are pruned
either when specifying information is received from the processor, or when all arms are
poppel as aresult of RETURNS (Figure 5.20).

2

Original tree before pruning Branchesat 1 pruned back via Branches other than 2 pruned
RETURNS, & regrown via received message

FIGURE 5.20

TreeStack structure: RETURNS prune, received messages specify
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For example, if a CALL occurs, then a BRANCH, a RETURN from the result of
either branch should cause a trandormation to the same stored CALL address. Further,
when a both arms of the branch have thusbeen trandormed, i.e., when RETURNS have
been sent from al PCsin the space of the CALL, tha space disappears fromtheimage?

There are other ways to consde the interaction beween the sending of code
received upddes of the processor@ actud state, and the structure of the TreeStack.
Sending out codecauses thetree to grow, except in the case where a branch arm indicates
a RETURN, in which case the branch arm collapses to reflect the effect of the RETURN.
Received messages cause the TreeStack to be prunead, such that the received address is
theroot of theresulting tree, branches supeior to that tree location remain, and branches
subordinate to that tree location are pruned.

The trandormations describing the TreeStack as a genera daa structure appear in
Appendix G. This structure may be of more generd use.

5.,5.6.2. The Total implementation of p-Net

The Filter Cache sending mechanism of the Total implementation is changed only
dightly from the Branching version, because return opmdes are ignored, and indirect
opades send triples conssting of an indicator, the current PC, and the previous PC
(where the indirect opaode occurred) (Table 5.17). The Total Convager needs the
previous PC to match the indirect opade execution to the correct leaf in the TreeStack,
because the path back to the root mug be maintained to encodethe recursion stack. This
requires extending the Filter Cacheinterndly to store PC values througha 2-element shift
register (Figure 5.21). The Filter Cache receive design is unchanged (it is repeated here
for convenience in describingthe Total design) (Table 5.18).

TheTotal Converger is modified to maintain the recursion stack information as well
as the supeior tree graph of possible futures of the CPU PC (Table 5.19). Some
compression of the pathsreturning to theroot may be possible, by ddeting vertices onthe
pah when the vertex is not required to join two conveging root pahs Multiple
simultaneousroot pahs are possible, because more than onelabd can be matched by an
incoming branch message

1Thisis similar to virtud/rea particle par interaction, such tha eventually the par
collapses. Mirage was conceived of in terms of such physcs andogs, as described in
Appendix B.
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The Total Diverger opaates as a combination of the tree maintenance mechanism
of the Branching diverger and the stack mechanism of the Recursion diverger (Table
5.20). @tha® jump, and branch opmdes are accommodaed as in the Branching
diverger. Cal opades trandorm aleaf into an internd unay element, in the fashion of a
simple stack push opeaation.

The return opaode is dightly more complex to accommodae in the TreeStack
structure. The problem is tha elements on the pah back to the corresponding prior call
(i.e,, elements on the pah back to the first internd unay element on the path back
towards the root) cannot be poppel, because they may encode information which other
pending branches still need. Also, when branch resolution is indicated (by a received
message), the Total Conveger may attempt to find a labd in part of the tree which was
deeted.

In terms of recursion and branching, condder a call opamde then a branch. One
branch may return and continue execution in the prior environment, but the information
of the cal (i.e., its PC) cannot be destroyed, because the other branch will need it to
execute its eventud return. Also, even when all branchesin therecursed space return, the
tree of branches mug be maintained, because incoming branch resolution information
indicates which retured pah is valid. In othe words because a branch can induce
multiple pathsback throughthe embedded spaces, the pahsmug be maintained.

The Total Diverger accomplishes this by copying the found prior unay node and
replicating it. The replicate (now a leaf) is activated, and the current leaf (where the
return opaodeoccurred) points back to thereplicate. Thetree can therefore have branches
who limbsrecombing but no circular pahsare ever created by these opeations so the
notionsof Gupeior treeCand Path to rootCare maintained.

Current CPU opaode : Action

@therQjump, call, { noaction}

return
branch send (B current PC) par
indirect send (®Qcurrent PC, last PC) triple

TABLE 5.17

Total Filter send actions
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Messagereceived Action

(PC, opaodsg par if (current PC = PC)
then send opaodeto CPU
else{ ignore par }

TABLE 5.18

Total Filter receive actions (same as Branching filter)

PC from CPU PC to Code Pump
——»—»| THIS || LasT | >

opcode type from CPU
»

opcode from Code Pump
-

opcode to CPU

FIGURE 5.21
Total Filter Cache design

Messagereceived Action

(@CxhisPC) find thisPC amongbranch labds
unmerk all elements
for each foundelement:
mark all elementsin supeior tree
mark all elements on path to root
ddete all unmarked elements

(@CthisPC, lastPC) find lastPC amonginactive leaves
unmerk al elements
for each foundelement:

found _RC! this PC

activate foundelement

mark all elements on path to root
ddete all unmarked e ements

TABLE 5.19

Total Converger actions

141
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Data areaitem Action




for each active | eaf

Chapter 5 pU-NET

fetch opoodeat leaf PC
send opaodeto Filter Cache
Typeof opmde
@thea®
leaf PC! leaf PC+1 jump:
get
@&G&from opaode send
opadeto Filter Cache
leaf PC! leaf PC+k call:
get
@&G&from opaode
create new |eaf
new_prev! leaf
new PC! leaf PC+k
activate new |eaf
deactivate this leaf
leaf next! new_leaf branch:

replace current leaf with vertex
vert_labd ! leaf_labd
vert prev! leav_prev
vert bl! leafl
vert b2! leaf2
get &Gfromopamde
add child leaf1
leafl RC! leaf PC+1
activate leaf1
leafl labd ! leaf PC+1
leafl prev! leaf add
child leaf2
leaf2_RC2! leaf PC+k
activate leaf2
leaf2_labd ! leaf PC+k
leaf2 prev! leaf return:
findfirst
unay antecedent copy found
element
new_prev! found_pev
new PC! found FC+1
this next! new
activate new |leaf
deactivate this leaf
indirect:
deactivate | eaf

143
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TABLE 5.20

Total Diverger actions

5.6. Implications

The implications of the p-Net architecture on the peformance of the
processor/memory system can now be conddered. The peformance equaions defined
before are repeated bdow:

Equation5.1: T, =N*t
Equation 5.2: Tconventional =N* (t + r)
Equation55: T, ., =N*(t+r*M)

Equation5.7: T e = N*(t+r* F)

whee F! J+B/2+C+ R+

Equation5.11: T, =N*(t +r*P)

where T =total timeto execute N ingructions
t = time for the processor to execute 1 ingruction
r = roundtrip time between the processor and memory
M = probability of aconventiond cachemiss
F = prob. of aconventiond prefetching cache hit
P = probability of theu-Net CodePump miss

The values of M, F, and P can be compared. As the time separation between
memory and the processor increases, the r component of the equaions begins to
domnae. Thegod isto determinethe conditionsunde which P islessthan M or F.

Thevalue of P can befurthe elaborated, in the variouslevels of implementation of
U-Net. The levels of implementation describe the degree for which various opaode
classes are indudel in the send trangormations Implementations modd (MoOsend
trandormations send trandormations on regular opades only, on regular and jump
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opades, etc. These correspond to predicting the next opaode (and sending it) after
regular opaodes, jumps cals, etc.

Thefollowing formulae describe the ways in which the prediction can aleviate the
effects of round trip latency (Equaions 5.13, 5.14, 5.15, 5.16). Evaludion of these
formula, thusfar, degpends only upon measurements of the probability of each class of
ingructiontype

Definitions: O = other indructions
J=jumps
C=cdls
R =returns
B = branches
| = indirect (calls, branches, or jumps)
wheae N=0+J+C+R+B+1

Equation5.13: T, = N*(t +r)

null —

Equation5.14: T, =N*(t+(J+C+R+B+1)*r)

other

Equation5.15: T =N*(t+(C+R+B+I)*r)

other, jump

Equation5.16: T =N*(t+(R+B+1)*r)

other, jumpcall

These formulae require a congant sized Code Pump (i.e., only a finite amount of
storageto implement theimaging of the PC of the processor), because they consider only
trandormationswhich preserve thesize of theimage

If the CodePump is augmented to accommodate an arbitrary amountof stack space,
as required to handle the pending calls tha could occur during oneroundtrip time, the
trandormationsindicated by RETURN opades can be modded, as shown in Equaion
5.17.Because al thetypes of opades whose trandormationshave been modded thusfar
preserve the size of the PC image issues of bandwidth in the communication can be
ignored. Only onePC valueis ever active, so the ingruction communication conssts of a
single stream.

Equation5.17: T =N*(t+(B+1)*r)

other, jumpcall,return

If the Code Pump is further augmented to accommodae an arbitrary amount of
TreeStack space, as required to handle the pending branch executions tha could occur in
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one round trip time (i.e, the entire branch, not jug the calls), the trandormations
indicated by BRANCH opades can be modded as well.

Recalling the discussion of the Mirage modd, there are limitations to this
predictability beyond tha of the data storage in the Code Pump. When the image space
becomes large the state space mug be partitioned coarsely enoughto be able to send a
small enoughnumber of messages such tha the entire space is covered by the guards of
the set of the messages sent; this is from our definition of stability (entropic, as also
discussed in Chapter 2).

At this point tha limitation becomes applicable. Expandon of the PC image is
limited not only by the space needed to represent it (the size of the TreeStack structure),
but also by the total numbe of messages in trangt. All possible destinaions of all
pending PCs dueto BRANCH instructionscannot be sent if the roundtrip time does not
permit it. Once a BRANCH is encountered, one round trip time exists to send the
messages corresponding to its isopotent set (the set of opades of every possible branch
degtinaion, in this case).

Partitioning the state space coarsely is not a concern here; there is not enough
information in the opades of a program to collapse the information efficiently, i.e., to
send a single opaode with a label of the five locations where it occurs. This kind of
dynanmic patitioning is less effective than smply repeating the opaodes for each address
sent. Further, no compression of the state space (i.e., encoding of the addresses used as
labds) isreally necessary, althoughsome ussful assumptionscan be made For example,
in many CPUs, branches, jumps and calls are limited to some fixed maximum distance
from the current PC, usudly less than the limit of the entire PC space (i.e., short jumps
vs. longjumps). If a short jump opoodes cause trandormations of the PC which are, at
modg, 8 bits offset from the current PC, only thelowest 8 or 9 bits of address need be sent
asthelabd. Thislatter minimization of communication is not the same as partitioning the
gpace coarsely; it reflects only aussful encoding of the guards

A version of Equaion 5.17 reflects the use of the bandwidth to accommodae the
multiple possible values in the memory@ image of the processors PC (Equaion 5.18).

Equation5.18: T=N*(t+(l + X*B)*r)
whee X = percent of branch possibilities which cannotbe communicated

X can be measured directly, from an implementation (either direct or emulated), or
can be approximated through the application of some assumptions Recall the prior
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discussion (Chapter 2), which defines communicability in the abgract modd. This refers
to the ability to partition theimage space coarsely enough,and to send a small enoughset
of short enoughmessages, that the entire set that covers theimage (the isopoent set) can
be communicated in the information separation (bandwidth-dday produd) available; if
this can be done and if the set sufficiently condrains the image space, then the image
(and thusthe communication) is stable (entropically, or otherwise).

In the abdract modd state space volumes are introduced to represent images of
remote state spaces. Each image either continues in time, or is tranormed into a set of
images. In p-Net, each PC vaue eithe continues as a single point (via JUMP, CALL,
RETURN, or regular opmdes), splits into two paints (BRANCH), or becomes a set too
largeto patition (INDIRECT).

Undea the smplifying assumption tha branches are indistindt, the ways in which
branch possibilities can be communicated can be computed, thusdeermining the size of
a isopoent set which can be communicated per roundtrip time. This formula was also
developdl earlier (Chapter 2, Branching Streams).

The ultimate god is to determine the probability of not predicting an opwde i.e,,
the GnissOrate of the Code Pump, and to determine the storage required to maintain the
TreeStack structure.

Let L bethelimb length (typically 6 to 8 opaodes in length), let D be the branch
degree (usudly 2, because only binary branches are modded), and let rtt betheroundtrip
time, as defined in prior discussion of channd utilization. Also let OP_BW be the
bandwidth, in opoodes per unit time. In time rtt, the origind PC of the processor attempts
to execute opcodes (Equaion 5.19, where CPI = clocks pe instruction [He90]). In tha
time, only a portion of the tree of possible execution streams can be trangmitted
(Equaion 5.20). With respect to an individud execution pah, only a portion of the path
issent, i.e., the portion equivalent to the tree depth (Equaion 5.21). Theratio of the pah
length which the CPU attempts to execute in theroundtrip time to the pah length in the
tree sent isthe probability of success (Equaion 5.22).

Equation 5.19: opcodes_ executed = %

CPI

whee t= ——
clock _rate
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D* (D" 1)

Equation 5.20: depth suchthat rtt *OP_BW = I L

Jtt*OP_BW* (D! 1)+ °A

Equation 5.21: depth = lo 1
. P 9oz L*D &
"rit*OP_BW*(D!'1) %
i S —

Equation 5.22: free__success =
opcodes _executed

This andysis focuses on prediction failure based on the inability to tranamit enough
alternaes in the branching stream; it ignores the effects of INDIRECT ipcodes, because
they are so infrequent (less than 0.3%).

Equaion 5.17 refers to Equaion 5.23, which depends on the growth of the state
gpace image as determined by the latency, and the management of that growth which is
limited by the information separation (i.e,, Equdion 5.22). The result is the effective
communicability in p-Net (Equdion 5.24).

Equation 5.23: X =1! tree_succes

n * * I ()/c
log gL OP_BW (CIR I
. _ # L* D &
i.e, X=1! -

t

Equation5.17: T=N*(t+ X*r)

LIt OP_BW*(D! 1) 6

$ $ IOgD 1" l
Equation5.24: T=N *%t +%1! i Lrtt D & .

: 3 i -

Before this point in the discussion, the round trip latency did not figure into the
calculation of performance. In consdering the way in which the state space image can
expand beyondthe ability to manage it, latency becomes an issue. Latency determinesto
wha extent the expanson of the image can be managed. As a result, it plays arole not
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only in the pendty assessed when prediction fails, but also in the evaluaion of the
frequency of pendization (X).

In thelimit of this equaion as the available bandwidth goes to infinity, al isopoent
sets can be sent, and X consgsts of only those instructionswhose trandormations cannat
be modded, those of INDIRECT opades. These opoodes require a roundtrip latency in
which to determine the resultant PC, as computed at the processor (Equaion 5.25). This
equaion represents an @mdahl@ LawOof communicating interaction, i.e., tha the
speedup is limited to the predictible component, so the speedup is limited to the
reciprocol of the percentage of indirect ingructions 5.26.

Equation5.25: T =N*({t+1*r)

optimal u-Net

Equation 5.26: Speedup,,, ! Tl

In these equaions OP_BW is the number of opades sent per unit time, andt isthe
time to execute an opaode the two of which are related via the CPU clock rate and the
CPI (cycles per indruction). Typical values for CPI vaues are as low as 1.0 for true
RISC processors, 1.3 for a heavily pipdined CISC (68040)[Mo089], and up to 14 for
other CISCs (68000)[MaB4] (Table 5.21). Theclodck rate of a CPU istypically 10to 30
Mhz

Processor CPI
Motorola 68000 135[Ma84]
Motorola 68010 114 [Ma84]
Motorola 68020 6.6 [Ma84]
Motorola 68040 1.3[M089]
DecStation 3100(MIPS) 1.87 [He90]
Sun 3/75 (680x0) 10 [He90]
DLX (RISC) [He9(] 6.28 [He90]

TABLE5.21
CPI (EXEC) values of common CISC and RISC CPUs
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5.7. Conclusions

This chapter presented equationsdescribing the performance of processor-memory
protocols, and developed a new protocol called p-Net based on the abdract Mirage
modd. p-Net@ design, and the various degrees of its implementation were also
presented. Performance equdions require eithe detailed modding of the expected
opade stream, or measurement of real opade streams. Initial modding here indicates
tha the peformance of p-Net depends on the internd structure of the stream,
specifically, how the stream branches and how long each branch persists.

In order to compare these equations detailed measurements are required of real
opade streams. These measurements indude the expected branch degree, and the
expected limb length. Other required measurements indudethedistribution of the opcode
classes. Prior work can indicate the expected values of cache miss (M) or miss with
prefetch (F). Description of these measurements and andysis of the results appears in
Chapter 6.



