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ABSTRACT

This paper deals with the issues in microprocessor fixed and
floating-point processors communication and synchronization.
In a micro-system consisting of a Fixed Point processor, and
Floating-Point coprocessor, it is essential that the two units
work at their maximum utilization rate. Three different envi-
ronments are examined in terms of number of chips. They can
consist of each of the units being a separate chip, or two of the
units, or all of them being integrated on a single chip. In terms
of coupling of the two (or more) processor they can execute
their instructions in a lockstep, or run as a complex of inde-
pendent units. The synchronization strategies are examined
in this paper and two approaches for achieving higher per-
formance are proposed.

INTRODUCTION

Improvement in performance and power of the micro-
systems has brought increasing demand for the numerically
intensive floating-point computation since a number of
problem previously residing only on the large system has
moved into the computational domain of todays micro and
mini computers. With that proliferation of use, floating-
point processor (FLP) have been found added or integrated
into the micro-system in a variety of different ways. They
can range from the simple addition as an afterthought to a
well conceived and engineered floating-point processor as
an integral part of the micro-system. The addition of a
floating-point processor can bring mixed results in terms of
the cumulative system performance because in a code with
sufficient mix of the fixed-point and the floating-point in-
structions the overall system performance will be deter-
mined by the performance of the slower of the two
processors. However, it is not only the mismatch of the
speed of the processors that affects the overall performance
of the system. This will be further diminished by the time
spent communicating and exchanging data and instructions
between the fixed-point processor (FXP) and the floating-
point processor (FXP). Therefore, the issues in dispatching
instructions and data are of very much importance in
achieving a well balanced system.

In this paper three different environments are discussed:

1. Fixed and Floating Point processors being two separate
custom chips where the communication protocol is
controlled by the fixed point.

2. Fixed and Floating-Point processors being two separate
chips receiving instructions from a separate instruction
unit chip which is added with the purpose of coordi-
nating the two units. Additionally the instruction unit
can perform mapping of the architected floating point
instructions into the instruction set of a selected
floating-point processor {5].

3. Fixed and Floating point processors contained on a
single chip. The communication and synchronization
of the two is handled by the instruction unit and in-
struction dispatching mechanism which is a part of the
same chip taking advantage of the internal registers and
busses, and éliminating off-chip crossing penalties.

Synchronization and Out of Sequence Exe-
cution

Ideally both processors will be running concurrently exe-
cuting their instructions in parallel. In addition they will
execute their instructions as they arrive from the instruction
queues, therefore allowing out of sequence execution. Un-
der this condition the maximal throughput would be
achieved and the performance of the system is determined
by the individual performance of the processors and the in-
struction mix.

However, branches in the program and the data dependen-
cies between FXP and FLP units do not make this condi-
tions possible. In addition the amount of concurrency and

~parallelism is determined by the implementation of the

processors and the available hardware resources. In order
to assure consistency of the operations FXP and FLP
processors need to be synchronized (at the same point in the
program flow) under the following conditions:

e Dbranches in the program (conditional and uncondi-
tional)
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e exchange of data (either through the memory or ex-
change of register contents)

e interrupts and procedure calls

In case of branches the need for synchronization is obvious
and not to be discussed. If the branch instruction is condi-
tional, involving the condition code generated by the FPU,
than synchronization must occur before that condition
(condition code register) is transferred from the FLP unit
to the unit which makes the decision based on this condition
(FXP unit, or Instruction Unit - IU).

Any memory access is a reason for synchronization. If data
is to be written to memory it must be assured that the data
at the location to be overwritten is no longer needed by the
other unit (FXP or FPU). Similarly, if there is an access to
memory for data, this memory location must contain the
data that represents the status at this-point in the program.
In other words, if data in this location is a result of an in-
struction currently executed by the other processor, than
this instruction must be completed. Also if the data is al-
ready available, the other processor should not be allowed
to proceed beyond this point if there is possibility that the
execution of the next instruction might alter the data.

As far as interrupts and procedure calls are concerned the
processors must achieve synchronization before the status
of the process is saved. This might increase the interrupt
‘response time, which is a drawback in this case.

When an exception is detected the status of the processors
must be saved in the way which makes it possible to restart
the process and indicate the check point precisely in the
program. Precise indication of the check-point in the pro-
gram might be difficult to achieve if out of sequence exe-
cution of instruction takes place.

Achieving high degree of concurrent instruction execution
could be facilitated by the compiler or passing the code
through the scheduler which tries to order instructions in
such a way that as much parallelism between the units is
made possible.

For the purpose of synchronization special instruction can
be created.

Two Separate Chips

Most floating point processors have been developed as an
enhancement of the existing microprocessors. Such as:
Motorola 68030-68881/6882, Intel 80386-80387/80287,
and older National 32032-32081, Intel 8088-8087 etc.
Since the central processor has been developed first, there
was not much flexibility left since the floating-point
processor needed to fit into the set of exiting control signals
and established bus protocol.

In this environment the communication protocol is distin-
guished by three factors:

e the way instruction is passed to the FLLP

e the way FLP instructions are added to the existing in-
struction set

e the amount of freedom and parallelism between the two

units

Case 1.

Let us examine the protocol used in INTEL 8088 /8087 [9],
Fig.1., with respect to those three factors.

Address Bus

Data Bus
I Instr N | Instr Nl
FXP FLP

Figure 1. FXP and FLP running in locksfep
(Intel 8088/8087)

Floating point instructions are architected as an extension
to the existing instruction set through the use of ESC
opcode which indicates that the rest of the instruction, as
well as a following bytes should be treated as a floating
point instruction. Both units monitor the bus and latch the
instruction. If the instruction does not contain ESC code it
is disregarded by the FPU and FXP executes the instruc-
tion. If ESC is detected, the instruction is executed by the
FPU while FXP is waiting for its completion. FXP can not
issue another instruction fetch while this instruction is exe-
cuted. If the instruction requires memory access, the FXP
takes part in address calculation.

This case illustrates the environment where two units are
running in a lockstep. They are tightly coupled and if a FLP
instruction requires a long time to execute, FXP is left idl-
ing. However, the existing bus is used and by simultane-
ously fetching the instruction there are no additional cycles
spent for delivering the instruction to the FLP unit.

Case 2.

The second case is illustrated in the protocol used by
68030-68881/2 processor {7], Fig.2. The instruction is
fetched by the FXP (68030) and after it is recognized as a
FLP instruction it is send over the data bus to the
coprocessor identified by the coprocessor identification
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field ( 68030 can addréess up to 8 coprocessors). The only
difference between a coprocessor bus transfer and any
other is that the function code is'issued to indicate the FPU
address space and the FPU ID.- FXP is instructed if further
action is required (fetching of data), and if not it can pro-~
ceed with the next-instruction fetch and execution.  The
choice of concurrent execution of instructions is determined
here on instruction-by-instruction bases. In this case it is
not required that the two processors run at the same clock
speed.. The same protocol is used in 80386/80387 com-
munication where 80387 is addressed as an 1/0 device at
the address 800000F8 and 800000FC.

Address Bus

Data Bus N
i Instr N } {I:rgi\r N—ﬂ
FXP FLP

Figure 2. FLP instruction sent over the bus
(Motorola 68030/68882)

This protocol has advantage of allowing two asynchronous
units (with two different clock speeds), and parallelism on
the level of single instruction is achieved. However, the
overhead in terms of cycles needed to transfer the FLP in-
struction from FXP to the FLP unit can diminish the ad-
vantage when a fast FLP unif is used and the FLP
instructions do not require many cycles to execute.

Case 3.

In the previous two cases the instruction that is fetched is
the one to be executed next. There is no provision for buf-
fering of the FLP instructions in the Instruction Prefetch
Buffer (IPB). In the performance oriented processors it is
common to find IPB to be a part of the processor. This al-
lows instruction to be fetched simultaneously while another
instruction is being executed. The existence of the IPBs in
the FXP and FLP processors complicates their communi-
cation and synchronization protocol because one has to
keep track which instructions are still in the IPB and which
ones had already been executed. We can imagine the sce-
nario in which FXP has executed all the instructions from
its IPB, while FLP usit is still executing the first instruction
from its buffer.

Proposed scheme (Fig.3.), for the environment where the

instruction unit is a part of FXP processor, is to have FXP
take total control over the instructions executed in both
units by passing go-ahead signals to the FLP unit for each
FLP instruction. This signals are received as tokens and can
be buffered in the FLP processor.

Address Bus

Data Bus
<
CLR
Ee] U
P8 108
. TKN m
TKN=Q
’_%%(ﬁ cPL %
FXp FLP

Figure 3. Synchronization sending tokens

Here is how the scheme works:

On the instruction fetch, both processors (FXP and FLP)
are latching incoming instruction. This eliminates overhead
in the cycles used to communicate the instruction from the
FXP to the FLP (either as 1/0 or memory operation). It
also eliminates a dedicated bus in case where pre-decoding
is done by the FXP and operation code passed to the FLP.

Instructions are encoded in a way which makes easy to dis-

tinguish FXP from the FLP instruction (use of one or more
bits in the opcode field). Therefore incoming instruction is

pre-decoded and it is written into the Instruction Prefetch
Buffer (IPB) of the FLP processor only if it is FLP instruc-
tion. Therefore FLP processor IPB contains floating-point
instructions only.  FXP processor writes both types of in-
structions into its IPB. When FXP is decoding instructions,
each time FLP instruction is encountered a token TEN is
sent to the FLP processor indicating "approval" to the FLP
to execute that instruction.  When received, and if busy,
FLP will queue the token on the "token queue'' TKN-Q.
The purpose of the tokens is to assure that the instructions
scheduled for execution by the FLP Processor are previ-
ously "screened” by the FXP, Therefore FLP can never
execute an instruction which is at the point in the program
beyond the instruction currently decoded by the FXP. For
each token sent to the FLP one token is placed onto the
completion queue CPL-Q in the FXP. When FLP com-
pletes an instruction a completion signal CPL is sent to the
FXP which in effect removes one token from the CPL-Q.
This s a mechanism of keeping track of the FLP in-
structions that are fetched and residing in the FLP IPB, but
not yet at the decode stage.
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For example, when BRANCH instruction is decoded FXP
processor waits until its CPL-Q is empty (being cleared by
the CPL signals). At this point both processors are syn-
chronized and branch can take place. In addition clear sig-
nal CLR is issued to FLP with the effect of clearing FLP
IPB of the instructions.

When FXP access or writes FLP data from/to the memory
the same synchronization takes place except clearing of the
FLP IPB. Itis assumed that FXP does address calculation.

Empty CPL-Q indicates that all of the FLP instructions
encountered at the FXP decode stage have been executed,
thus the two processors are in synchronization with respect
to-the program. The amount of tokens in the CPL-Q also
indicates if FLP is still executing instruction, or has more
than one on the ‘queue before reaching the point of syn-
chronization. In case of program exceptions this informa-
tion could be saved to help pointing to the exact point in the
program where the éxception occurred.

FXP and FLP Coordinated by a Separate In-
struction Unit

In more recent processors instructions are dispatched from
the instruction unit; which is a separate unit and not a part
of the FXP unit. Commonly the processor consist of three
distinet units: FXP, FLP and IU and it is conceived with the
FLP as an integral part of the processor. They can be
physically separate chips {Weitek XL-8064), or all three,
plus  additional units, ‘are integrated on a single chip
(Motorola 88100). Their working protocol is influenced by
their level of integration.

Weitek X L-8064

Weitek processor consists of three physically separate chips:
Sequencing Unit X1L-8136 (IU), Integer Processing Unit
X1-8137 (FXP), and Floating Point Data Path (FLP)
which can be either WT1.-3132 or WTL-3164 (32 or 64 bit
wide) [6], Fig4. The instruction bus is 64-bit wide and
consist always of two instructions: the first 32-bit belonging
to either IU or FXP, and the second 32 bits being FLP in=
struction.

Both processors runin a lockstep: both instructions are de-
livered ‘in a 64<bit word at the same. cycle ‘and both
processors must wait for the completion before the next in-
struction is executed. - However, X1-8136 is allowed to
concurrently fetch the nextinstruction while the current one
is being executed, the result of which can be cancelled by
the next instruction and thus instruction can be effectively
neutralized.

If FLP instruction is not contained at the current cycle, a
No-Op is placed in the upper 32-bits of the 64-bit instruc-
tion word. This is particularly wasteful of the memory
space, especially in the case when the instruction mix does
not contain a substantial portion of the floating-point code.

instruction
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Figure 4. FXP and FLP controlled by the IU
(Weitek X1.-8064)

“ister file,

Motorola 88100

Motorola 88100 consists of five units: Integer Unit,
Floating-Point Unit, Register File and Sequencer, Instruc-
tion’ Unit ‘and Data Unit [8].- In addition two séparate
memory management chips 88200 are attached to the in-
struction and data memory space.

The processor contdins four execution units which operate
concurrently: it addition to integer and floating point op-
eration, data memory access is performed by the data unit
and instruction unit performs an instruction fetch. Units are
pipelined and can complete an operation every clock cycle.

In Motorola 88100 data sharing and synchronization is
performed by the register sequencer. The register file is
common for both units and data is shared through the reg-
Synchronization is performed in the register
through the "scoreboard" bits associated with each register.
The purpose of this bit is to control the register access and
not to allow the instruction to proceed if the instruction in~
tends to use the register which is not "cleared" (in use by
another instruction).” Instruction décode and the source
operand fetches are performed in parallel. Branch instruc-
tion and decode, target address calculation and next in-
struction fetch are also performed in parallel.

This synchronization method is made possible by a common
register file. This might be performance limitation if the data
bandwidth provided by the register file is not sufficient to
satisfy demand for data by both processors.  Also instruc-
tion buffering is only one level deep and instruction cache
is required (part of 88200).
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Proposed Organization of the Instruction Unit
Iv)

This section describes an organization of the instruction
unit, which enables concurrent operation and ‘decoding of
two instructions, FXP and FLP at the time. Out-of se<
quence execution of ¥XP and FLP instructions is allowed
under conditions described.

The Instruction Unit, Fig.5., embodies the principles of de-
coupled architecture [1]:. It receives instructions from the
memory controller and dispatches two at the time for fur-
ther decoding to the fixed and floating point units. These
‘two instructions can be any combination of fixed and float-
ing point instructions, including fixed (floating) loads and
stores.  The instructions are received by the pre-decode
registers PDS1 and PDS2 and partial decoding is performed
in the Pre Decode and Control Unit (PDC). The PDC unit
determines if the instruction is Load, Store or Branch and
if it requires synchronization between fixed and floating
point units.

Normally, Load and Store (fixed and floating) require the
units to be synchronized to assure that one of the processors
is not using "old" data, i.e. data that would be otherwise
overwritten had the processors been in sync.  Given the
frequency of Load and Store instructions, about 30% of the
instruction mix [1], it would practically be required that the
processors run in a lockstep most of the time. Other sol-
ution would be to use rather complex hardware, which
would keep track of the instruction dependencies and cor-
rect sequencing of dependent instructions [3].

Memory ‘fontroler

FXP Queues FLP Queues
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FXp Data FLP Dats
W
1761 1162
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Figure 5. Organization of the Instruction Unit

In many high-end commercial processors ( IBM 360/91,
3033, etc.) this problem is solved by using address com-
parison logic 1o compare the address -of a load with ad-
dresses of stores from the floating point unit which have not

been performed. This address comparison:logic is used in-
frequently and consumes valuable area on-a chip [3],[4].

There are two possible approaches with respect to 'synchro-
nization:

One is-to not 10 synchronize on Load and Store under the
condition that sharing data through the memory is not per-
mitted.  The only exchange of data between fixed and
floating point processors: that is allowed 'is' through the
transfer instruction (TFFL), passing the data between the
general purpose register files of the corresponding units.
The transfer instruction is by itself a instruction requiring
synchronization between the FXP and FLP processors. In
addition the SYNC instruction is introduced with the sole
purpose of providing synchronization between the units.

Reasons in support of this approach are:

@ - the gain in parallelism having the units running concur-
rently

@ use each others data by the FXP and FLP processors
is not that frequent

Having the synchronization on- conditicnal branch and
transfer instructions only, the units are made less dependent
and they are allowed to operate with higher degree of
parallelism.

The other approach is to synchronize on every FLP Load
and Store instruction.  Often FLP Load and Store is under
control of the FXP unit which is used for their address cal-
culation.

Floating Point Load

When a floating point load is detected at the pre-decode
stage the Tollowing occurs:

® The load instruction is issued to the fixed point unit for
address generation.

e A dummy Load (RECEIVE) instruction is issued to the
floating point instruction queue (FLP-IQ), containing
the destination register.

e Fixed point unit issues the load request to the memory
controller by placing the request into ‘the aforemen-
tioned memory request registers. The data from the
requested memory location is then placed on the data
queue inside the memory control unit.

e The RECEIVE iastruction, when executed by the
floating point unit, takes the data from the data queue
and writes the data into the destination register.

(Given that there are no out of sequence instructions, data
need not to be tagged.

Floating point stores are performed in a similar way issuing
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dummy SEND instruction ‘which place data on the FLP
Store Data Queue. The destination address is generated by
the FXP unit and tagged to the data in the store queue. Data
can not be written to the memory by the MCU until both
data and address are valid.

CONCLUSION

Concurrent operation of FXP and FLP units of 4 single
processor micro-system were discussed in this paper. The
features of several commercially available systems were
outlined and their important features digscussed with respect
to concurrency and instruction overlap. Two new -ap-
proaches were outlined: one for a two-chip system consist-
ing of a CPU (FXP and TU) and a FLP chip, and another
for a system contained on a single chip.
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