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Abstract

Field-Programmable Gate Arrays is an emerging technology which promises easy
hardware reconfigurability by software at low cost. Entire systems can be built in which
some parts are easily programmable. Such systems are flexible hardware platforms or em-
ulators, which are then tailored to implement various architectures. The performance of
these architectures can be compared on the same hardware substrate. Besides having a
large speedup advantage over software simulation, the emulator is a detailed hardware im-
plementation of the architecture --including I/O-- on which complex software systems can
be run without code instrumentation and it is a more convincing proof of concept. On the
other hand it is much more cost-effective than a full-fledged prototype.

We have built a multiprocessor emulator called RPM --Rapid Prototyping engine
for Multiprocessor systems. RPM can emulate various configurations of shared-memory
and message-passing systems. The bandwidth and latency of various components can be
easily modified to match various processor, memory and interconnect technologies. In this
paper, we present the modeling methodology, the performance collection mechanism, the
calibration of the emulator as well as our first results obtained for the emulator of a cache-
coherent non uniform memory access multiprocessor (CC-NUMA).

Keywords: Multiprocessor, Emulation, Shared-Memory, Message-passing, Caches, COMA, CC-
NUMA, Sequential Consistency, Field Programmable Gate Arrays.



1. INTRODUCTION

There are currently many competing ideas to implement multiprocessor systems. The virtues of
message-passing versus shared-memory are still being debated [1] [16]. Among shared-memory
systems, many variants, ranging from Virtual Shared-Memory systems [18] or networks of work-
stations to cache-based multiprocessors with hardware-enforced coherence [27] are under intense
scrutiny in the research community. Several projects both in industry and academia are currently
evaluating new ideas in multiprocessor systems by building prototypes [1] [5] [14] [15] [16] [17]
[20] [21]. In other projects, abstracted machine prototypes are developed on software simulation
platforms [6] [10]. Both approaches have their advantages and shortcomings.

Hardware prototyping is extremely costly. It requires engineering skills and a technical
environment not always available in an academic or even an industrial laboratory setting. A pro-
totype verifies only one (or a few) design point and takes yearé to build. This takes place in the
backdrop of the relentless rate of technical improvements in the computer architecture field. Pro-
cessor technology is improving at a dizzying pace. New ideas in multiprocessor architectures
spring up, flourish and fade away in the span of a couple of years. As a result, prototypes are usu-
ally obsolete by the time they are built or they have to keep adapting, incorporating new ideas as
they come along, and the hardware is never really built. The lure of prototypes is that they are
extremely realistic and attempt to exploit the current technology as much as possible. One prob-
Jem that has plagued prototypes however is the fact that they are hard to observe. Even if a large
number of hardware monitors are included to try to cover many possibilities there are always lim-

its as to what can be observed, once the hardware has been frozen.

Software simulations may range from detailed cycle-by-cycle simulations of a target,
which is very slow, to an abstracted simulation which can go all the way to a simple trace, in
which no machine is simulated but instructions for different processors are simply interleaved and
some events such as cache misses are counted. Abstracted simulations of the latter type can be
very fast and yield useful information about program behavior. However the more abstracted the

simulation, the less convincing it becomes. Parameters are guessed without an actual implementa-



tion, effects are neglected without really verifying the validity of the approximation, and entire
parts of the machine are sometimes removed from the simulation to simplify it. There is a trade-
off in software simulations between realistic simulation speeds and realism and accuracy. To
solve this dilemma, more efficient techniques are being developed to speed up software simula-

tion, including parallelization [13] [19] [24].

Hardware emulation, the approach adopted in RPM (Rapid Prototyping engine for Multi-
processors) is an intermediate approach between software simulation and hardware prototyping.
RPM is a common hardware platform or substrate on top of which various multiprocessor archi-
tectures can be implemented and compared. The parameters of the hardware substrate are also
variable so that various technological environments can be reproduced. The performance method-
ology relies on three key ideas: multi-cycle pclock emulation (each pclock --or processor clock--
of the target machine is emulated by several clocks of the emulator), time scaling (the absolute
speeds of all components are different in the target and in the emulator but their relative speeds

are the same) and count memory (a programmable event histogramming mechanism).

The overall architecture of RPM and the details of the hardware design can be found in [4]
and [22]. This paper relates our initial experience with our first emulator, a Cache-Coherent Non-
Uniform Memory Access (CC-NUMA) architecture. In the following we will briefly describe the
hardware substrate of RPM and the allocation of resources for our first emulation in Section 2.
Then, in Section 3, we show how the methodology has been successfully applied in a concrete
case. The calibration and debugging of the emulator is a difficult task, explained in Section 4. We
show the results obtained on systems of different sizes and with different application data set sizes

and then conclude in Sections 5 and 6.

2. OVERVIEW OF RPM AND THE CC-NUMA EMULATION

2.1. Hardware Substrate

RPM is made of nine SPARC processors connected to a Futurebus+ backplane and is currently



clocked at 5 MHz. Normally, one processor acts as an 1/0 node. The single chip processors have
both an integer and a floating-point pipelines and the execution of floating operations are over-
lapped with the execution of integer instructions. They have no on-chip cache and therefore all

instruction fetches and data accesses are observable. The block diagram of each processor board

is shown in Figure |
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Figure 1 Block Diagram of RPM’s Processor Node [4]

The CPU is an LSI Logic L6483 1 SPARC IU/FPU. The first-level cache is built with 2 Xilinx 4013
FPGAs (MC1) connected to 2 Mbytes of SRAM SIMMs (RAM1); the second-level cache is built
with 2 Xilinx 4013 FPGAs (MC2) connected to 8Mbytes of SRAM (RAM2) and the main memory
(RAM3) is made of 64Mbytes of DRAM. The main memory controller is made of 2 Xilinx 4013
FPGAs plus an off-the-shelf DRAM controller (Cypress CYM7232). The delay unit is built with a
FIFO controlled by one AMD MACH 210 chip. The FIFO (8 kbytes) contains blocks and messages
which are sent to the bus interface after a programmable delay depending on the target machine’s
interconnect latencies and packet size.The FutureBus+ chip set comes from Newbridge and
National Semiconductors and it includes bus transceivers plus the Newbridge LIFE chip. The SCSI
interface of the I/O board is attached to the SCSI bus of a SPARC station II which currently serves
as an 1/O server and console for RPM. The RS232 serial interface can connect to a terminal and is
used mostly for debugging purposes. The board size is 22"x16".



Each processor board has a 2 Mbyte first-level memory (SRAM), an 8 Mbyte second-
level memory (SRAM) and 64 Mbytes of main memory (DRAM). In a typical emulation, a frac-
tion of these memories emulates the target system’s caches and memories and the rest is used for

performance collection and for the emulation of special registers and buffers (such as a T.L.B.)

The first-level memory controller drives the emulation of each pclock. Typically, at the
start of each pclock emulation, it resumes the processor execution for one cycle, receive the next
processor access (if any), blocks the processor, and then emulates the memory access (in one or
several pclocks). The number of clocks per pclock can be easily changed and it depends on the

complexity of the pclock emulation.

Each controller is implemented with two FPGAs (Field Programmable Gate Arrays). The
emulation of each pclock is implemented by a combination of control in the FPGAs and memory
space in the RAMs attached to the memory controllers. The Delay Unit (DU) is a programmable
chip which emulates variable interconnection delays. Messages that are sent out of the processor
node are stored in the Delay Unit for an amount of time that is programmable. If L is the length of
a packet, then the delay is equal to o+ x L, where o is a fixed delay per packet and B is the
time per 32-bit word transfer. The FutureBus+ interconnection is 32-bit wide, and transfers one
32-bit word every 100nsec, for a total bandwidth of 40 Mbytes per second. The main memory
speed can be modified by suspending memory requests using interleaving registers as described
in [4]: after the memory controller has received and decoded a request packet, it suspends the
request for a programmable time; it then resumes the request and sends out the messages resulting
from the transaction. During this entire time, the memory appears busy. The SCSI interface and

serial port allow every board to be configured as an 1/0 node.

Memories of all boards can be accessed in Test mode or in Emulation mode. In Test mode
(mostly used for booting and debugging), the memories on all boards are all part of a contiguous
address space and every location can be accessed randomly. To configure RPM into a target mul-

tiprocessor, the FPGA programs of all three controllers are written in VHDL, compiled and then



downloaded throug as part of i

ough the I/O node as part of the booting procedure. Once the FGPAs are pro-
grammed, the machine is in test mode. Memories are initialized, the code and data of the applica-
tion are downloaded into RPM’s main memory and the machine then switches to emulation mode

where memory accesses are restricted by the addressing mechanisms of the target machine.
2.2. An Emulator for Small-Scale CC-NUMAs

Today’s successful multiprocessors are mostly small-scale systems (2 to 16 processors) with
shared memory and cache coherence enforced by a snooping protocol on one or multiple buses.
However, as the speed of uniprocessors keeps increasing it becomes more and more difficult to
support more than a few processors on buses. As an alternative to snooping, industry and aca-
demia are exploring other, point-to-point interconnect such as rings [3] or crossbars to connect
ultra-fast processors in a small number (1 to 32). Our first emulator is a CC-NUMA under strong
ordering of shared-memory accesses [11]. Strong order is still a requirement of many commercial
systems. For example, even if the SPARC V-9 (RMO) memory model is very weak, the current
version of Solaris 2.4 still assumes a strong memory order (close to sequential consistency) and

disables latency-hiding hardware optimizations [7].

2.2.1. Protocol

The protocol is write-invalidate with a directory organization based on Censier and Feautrier’s
design [8]. Besides the presence bits and the modify bit per block, we have added some transient
state bits to support concurrent transactions on different directory entries. A miss request first
goes to the home memory. Before retumiﬁg a copy of the block, the home memory must some-
times invalidate copies (write miss in the presence of multiple remote copies) or obtain the dirty
copy from the owner (miss in the presence of a dirty remote copy). This latter transaction takes
four traversals of the interconnect (requester-to-home, home-to-dirty, dirty-to-home and home-to-
requester). After invalidations are sent by the memory controller the block state is set to transient

and the presence bits indicate which copies have pending invalidations. While invalidations are



propagated, the memory controller is released and any other request to the block is nacked by the
home node. As invalidations are acknowledged, the memory controller resets the presence bits;
once all acknowledgements have been received the controller completes the transaction and sets

the block to a stable state. More details on this protocol can be found in [23].

Basic 100MHz
Resource Event Hardware|jprocessors
(clocks)|| (pclocks)

FLC Data Read (single) or Instruction Hit 8 1
Data Write Hit (single) 24 3

Data Read Hit (double) 16 2

Data Write Hit (double) 32 4

Fill from SLC 16 2

SLC Hit from FLC 40 5
Hit from Bus Interface 24 3

Miss Detection 16 2

SLC fill 24 3

SLC restart 24 3
Internal Bus Request Packet 4 1/2
Data Packet 8 1

DU and FutureBus+ Request Packet 24 8
Data Packet 24 20

Memory Migs (Tpige) 40 15

Send k Invalidations (Tj,) (10+4k) (1+2k)

Ack Invalidation (T ) 24 5

Receive Write Back (T,p) 40 15

Get Block from Dirty (Tpg) 56 8

Send Dirty Block to Requester (Tp,) 72 9

Nack (Thack) 24 5

Table 1 RPM Hardware Latencies (no conflict)

Miss is the time to receive a packet, fetch the block from DRAM, update the directory and send a
packet back to the requester. Send k Invalidations is the time to send k invalidation packets. Ack
Invalidations is the time to receive an acknowledgement for one invalidation and update the direc-
tory. Receive Write Back is the time to receive a block packet, store the block in DRAM, and possi-
bly forward the block to the requester. Get Block from Dirty is the time to receive a packet from the
requester, check the directory, and send a packet to the dirty node. Send Dirty Block to Requester is
the time to receive the block copy from the dirty node and send it to the requester with ownership
Unenmwyisnotupdu&xb.A&nkisthethnetorecdvezlpuckenzuuinegaﬁveb/acknouﬂcdgeit



2.2.2. Architectural Parameters

The first-level cache is a 64kbyte direct-mapped write-through cache with a block size of 16
bytes. The second-level cache is a IMbyte direct-mapped write-back cache with 16 byte blocks.
The emulated memory size on each board is 32Mbytes. The basic hardware latencies listed in
Table 1 (second column) are the number of cycles needed for the emulation. They were obtained
by counting cycles in the RPM hardware. They are the lowest possible latencies for the CC-
NUMA emulation.

The latencies of second level cache read misses comprises three terms: on-board delays,
memory delay, interconnect delays. From Table 1 the following equations are applicable for the

latencies (in clocks) of read misses in the absence of conflicts.

s SLC read miss from Local Home Memory: 36 + T

miss

e SLC read miss from Remote Home Memory (2 hops): 48 + T, ;. +2 X (24 +o) +P x4
o SLC read miss from Dirty Node (4 hops): 96+ T, ,+ T, , +4 X (24 +0) + Bx8
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Figure 2 Timings of a Read Miss with Fill from a Dirty Node (no conflict)



Figure 2 shows the decomposition of the latencies of a read miss on a dirty copy. The
basic hardware latencies for read misses (0. and B = 0) are 76 clocks (local), 136 clocks (home),
and 288 clocks (dirty). There are small fluctuations in these latencies because some timings (such
as accesses to the DRAM, FutureBus+, and the second level cache) may vary slightly. However,

these simple estimates are suprisingly accurate as we will see in section 4.
2.2.3. Software Environment

We have developed a software environment for RPM to run applications using the ANL program-
ming macros to express and manage parallelism. In particular, the SPLASH and SPLASH-2 sets
of benchmarks [29] are written in such a way. The original SPLASH benchmarks employ the
UNIX FORK model, in which parallel processes communicate exclusively through variables that
are explicitely allocated in globally-shared memory. Our emulator provides a natural support for
this model by running the master process on the I/O board and slave processes on the others. The
addressing space of each process consists of a private space, hosting local data, bss, stack and
local heap and a shared space for the executable code and the global heap. The emulator provides
access to other boards’ private locations through special alternate space transfers, thus supporting
the forking mechanism. Synchronization between parallel processes is based on shared-memory
locks and the atomic restandset operation. A hardware barrier is also available in the emulator, but
is only used by system routines. Some SPLASH-2 benchmarks are written for the SPROC model,
in which all processes (now threads) share the same addressing space. In particular, threads can
communicate through named global variables, stored in the data segment. We made minor modi-

fications to these applications and retrofitted them to the FORK model.

As shown in Figure 3, applications for the emulator are compiled using the standard pro-
cedures and UNIX tools for a SUN-4 workstation. First, most of the library functions are stati-
cally linked directly from SUN’s standard C and math libraries. Some of the functions (e.g.
sbrk(), getpagesize(), _exit(), abort(), setimp()) had to be rewritten, however. They are part of

libcx.a. System-specific functions, such as device access and hardware barrier synchronization



are provided by the librpm.a library.

ANL macros

c.m4 .monmacs
c.md.smacs

water.c WATER
m4d |—— P gcc Mo—b 1d
water.h cxec.
/1lib/libc.a
/1lib/libm.a

SPLASH benchmarks

Figure 3 Software Environment to Run the SPLASH Benchmarks on RPM

Second, we had to provide system support for I/O functions. A special operating system
trap handler (tr0.0) was written to support this task. It intercepts the system call parameters and
passing them over a communication line to a server running on the SUN workstation acting as the
emulator’s console. The server performs the request and cooperates with the system call stub run-
ning on the emulator’s I/O board for possible data transfers. Upon completion, the server passes a
return code to the stub, which is delivered to the application as a result of the system call. The

whole mechanism is transparent to the application and the appearence of a UNIX kernel is entire.

Third, a new C runtime library (crt0.0) had to be developed to take care of the initializa-

tion and termination of processes.

Once compiled, applications can be downloaded into the shared-memory of the emulator
at a fixed address. To start them, control is passed from the emulator’s monitor to the application
entry point, after switching from test mode to emulation mode. The slave boards block immedi-

ately, awaiting commands from the master board. After some initialization, including relocation

10



of data into the private space, the master board proceeds through the sequential part of the appli-
cation. Eventually it forks a number of slave processes and they all stop at a hardware barrier to
start collecting statistics before beginning the parallel section. A similar barrier is entered upon

termination of a process and then execution returns to the monitor routine.

3. PERFORMANCE METHODOLOGY

3.1. Multi-cycle Pclock Emulation

Each pclock of the CC-NUMA emulator is executed in eight clocks. The corresponding reduction
in emulation speed is compensated by three advantages. First we can emulate complex mecha-
nisms without sacrificing flexibility. Second, the latencies of the basic hardware are independent
of the latencies of the target; even if a large number of clocks are needed to move packets on the
board and on the bus, and to emulate memories and complex directories, the target may still have
very low latencies when expressed in pclocks. Finally, the bandwidth of the FutureBus+ is not a
constraint in RPM. If processors executed at the rate of one clock per pclock, the bus would be a

serious bottleneck.
3.2. Time Scaling

3.2.1. Latencies

In RPM, the latencies of main memory and of the interconnect can be easily changed. We can
emulate systems with various processor, memory and interconnect technologies. The simple rule
is that latencies measured in pclocks must be the same in the target and in the emulator. For exam-
ple, if, in the target system, processors are clocked at 100MHz (pclock=10nsec), interconnect
delay is 80nsec and DRAM access time is 100nsec, then the interconnect delay must be 8 pclocks
(or 64 clocks) and each DRAM access must take 10 pclocks (or 80 clocks) in RPM.

The third column of Table 1 shows the latencies for a target systems with [00MHz proces-

sors and 100nsec DRAM access times. The values for memory/directory accesses assume that the

11



directory is built in fast SRAMs, that the DRAMs can fetch an entire block in one cycle, and that
the memory controller can be clocked at the speed of the processor and works in parallel with the
DRAM access. The values of 8 pclocks and 20 pclocks (obtained by setting o. = 40 clocks and B =
24 clocks) for the latencies of the target interconnect were chosen from the hypernode of the Con-

vex Examplar, which is an 8 |00MHz processor cluster connected by a crossbar switch [9].

From the numbers in Table 1, and the expressions for the read miss latencies in the target,
the number of pclocks to service a SLC read miss in the CC-NUMA emulation is 19.5 pclocks if
serviced by the home locally, 49 pclocks if serviced by the home remotely and 91 pclocks if ser-

viced by a dirty node.

3.2.2. Bandwidths

Besides latency, bandwidth is also a critical performance parameter for any hardware resource.
Many protocol mechanisms such as updates and prefetches work wonders when memories and
interconnects are modelled with infinite bandwidth, but perform poorly in a real system because
of the limited bandwidth [12].

The bandwidth of the memories and directories in our CC-NUMA emulator is directly
related to their access latencies since we assume that memory on each board is not interleaved.
However, we have included a mechanism in the RPM hardware to emulate memory interleaving
(up to 8-way on each board) and thus increase the memory bandwidth for given memory access

latencies. This mechanism is based on a set of interleaving registers and was described in [4].

The current width of the FutureBus+ is 32-bits (extensible to 64 bits) and its bandwidth is
8 bytes per clock or 64 bytes per pclock. With a target pclock rate of I00MHz, this corresponds to
an interconnect bandwidth of about 6 Gbytes per second in the target system. This is a huge, prac-
tically infinite bandwidth which increases proportionnaly to the target’s pclock rate and this
explains why we have observed very low interconnect traffic in our experiments (see section 5).

The FutureBus+ bandwidth can be modified by changing the bus clock rate or the bus width and

12



by padding packets with extra bytes. It is not difficult to hold the bus for longer than necessary on

each bus transfer, in effect adding dummy bytes to packets as they reach the FutureBus+ inter-

face.

3.3. Count Memory

The primary two mechanisms (0 collect performance statistics in RPM are memory-mapped
counters (implemented in the FPGAs) and memory-mapped event-count memory (implemented
in memory). Memory-mapped counters are simple counters that can be read/written as any mem-
ory location. Such counters can measure the total execution time, the utilization of the processors
and the controllers, and can count events. So far, the only counter we have implemented in the
FPGAs is a 40-bit pclock counter in the first-level cache controller of every processor to record
the total execution time of each processor.

Event-count memories consist of a set of counters implemented in the SRAMs of the
caches and the DRAM of main memory. Events are mapped to memory addresses, and, at the
occurrence of a given event, the value stored at the corresponding memory location is incre-
mented. Therefore, to implement event-count memories, it is necessary o have some extra hard-
ware to read a counter from count memory, increment its value and write the updated value back

to memory. Only one count-memory location can be accessed in each pclock

We associate a ‘basic’ event to each bit of an address in count memory. For example, one
address bit may be associated with the event hit/miss, one address bit may be associated with the
event read/write and one address bit may be associated with the event instruction/data. At the
occurrence of a data read miss, the signal hit/miss indicates a miss, the signal read/write indicates
a write and the signal instruction/data indicates a data access and the corresponding count mem-
ory location is incremented. Consequently the total number of ‘data-read-misses’ is accumulated
at the memory location addressed by these three basic events (data, read and miss); the total num-

ber of data-reads is obtained by adding the contents of the locations ‘data-read-misses’ and ‘data-



read-hits’, at the end of the emulation.
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Figure 4 Control for Count Memory
This logic is present in each cache controller and in the main memory controller. The memory
address is provided either by the controller or by the event count logic. The event count logic stores
the address of the event (or combination of events) occurring in the current cycle in the address
latch; this address, concatenated with the base address ot the count memory, accesses the memory
during the performance cycles. The value in the memory location is loaded into a counter; the
counter is incremented and the value is stored back into the same memory location.

In the first-level cache, an event counter is incremented at each pclock, as part of the pclock emu-
lation, whereas, in the controllers of the second-level cache and of the main memory, an event
counter is incremented on each request to the controller. The hardware in each controller to
implement count memory is shown in Figure 4; Figure 5 displays the composition of addresses to

the event counters in the three memories, obtained by merging hardware signals corresponding to



