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Abstract

Advances in circuit and integration technology are continuously boosting
the speed of microprocessors. One of the main challenges presented by
such developments is the effective use of powerful microprocessors in
shared memory multiprocessor configurations. We believe that the
interconnection problem is not solved even for small scale shared memory
multiprocessors, since shared buses are unlikely to keep up with the
memory bandwidth requirements of new microprocessors. In this paper we
extensively evaluate the performance of the slotted ring interconnection as
a replacement for buses in small to medium scale shared memory systems
and for processor clusters in hierarchical massively parallel systems, using
a hybrid methodology of analytical models and trace-driven simulations.
Snooping and directory-based coherence protocols for the ring are
compared in the context of multitasking.

Keywords: shared memory multiprocessors, unidirectional ring, cache coherence
protocols, performance evaluation.
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Abstract: Advances in circuit and integration technology are continuously
boosting the speed of microprocessors. One of the main challenges
presented by such developments is the effective use of powerful
microprocessors in shared memory multiprocessor configurations. We
believe that the interconnection problem is not solved even for small scale
shared memory multiprocessors, since shared buses are unlikely to keep up
with the memory bandwidth requirements of new microprocessors. In this
paper we extensively evaluate the performance of the slotted ring
interconnection as a replacement for buses in small to medium scale
shared memory systems and for processor clusters in hierarchical
massively parallel systems, using a hybrid methodology of analytical
models and trace-driven simulations. Snooping and directory-based
coherence protocols for the ring are compared in the context of
multitasking.

1.0 Introduction and Motivations

In the last decade, parallel processing has emerged as the consensus approach to high-
performance computing. Most, if not all, of today’s high-performance machines are shared
memory or distributed memory multiprocessors, ranging from a few tens to thousands of
processors. Even though much of the research in interconnection networks today aims at
connecting thousands of processing elements - the massively parallel processing (MPP)
trend - the problem of building interconnections for smaller scale multiprocessors is still
not solved. As new and faster processors are made available each year, it becomes clear
that shared buses, the most popular technology for current commercial systems, cannot
cope with state-of-the-art RISC microprocessors, such as Digital’s 21064 Alpha [10] with
a peak performance of 400 MIPS.

Bus bandwidth is not likely to increase at the same pace as processor and circuit
technology improves. The major reasons for the poor technological scalability of bus
interconnections are some severe problems related to the bus topology itself. First of all,
the bus is a mutually exclusive resource which means that only one processor can transmit
at any given time. All processors must participate in an arbitration phase before accessing
the bus. Pipelining is limited to overlap between arbitration and transmission. Another
limiting factor is the bus clock cycle in which signals must propagate throughout the entire
extension of the bus, and which depends on the length of the bus and its capacitive load.
The length of a backplane bus is set by the number of processors and by the minimum
distance (of about one inch) between two adjacent boards; this distance is dictated by
packaging constraints, such as connector sizes and cooling requirements. Lastly, a
transmitter on the bus drives several receivers at the same time, each receiver introducing
stray capacitances contributing to the characteristic impedance of the bus and reducing the
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signal propagation speed [8]. A higher characteristic impedance also means higher
currents to maintain the specified signal amplitude and thus more power dissipation and
higher noise levels. Increasing the bus width to transfer more data per bus cycle is an
attractive option. However, bus width is constrained by limited pin count and crosstalk
interference, and little performance is gained from bus widths surpassing the size of the
average data block.

In the past few years, point-to-point unidirectional connections have emerged as a
very promising interconnection technology because they lack most of the problems
associated with buses. Point-to-point connection links have only one transmitter and one
receiver (one at each end) and can be very short (less than two inches) provided they
connect adjacent boards on the backplane. Their characteristic impedance is very small
(small capacitive load) and, if they are terminated properly, the transmission speed is
much higher than on buses. An additional factor favoring point-to-point transmission is
signal pipelining. A new transmission can be started on a point-to-point link before the
previous one has reached the receiver. Therefore the clocking speed and the throughput of
a point to point link is not limited by wire length. Overall, point-to-point connections are
much more technologically scalable than bus connections, and we can expect their
delivered bandwidth to benefit continuously from improvements in circuit technology.
The potential of point-to-point communications in shared memory multiprocessors is
demonstrated by the IEEE Scalable Coherent Interface (SCI) [17] set of standards, based
on 500 MHz 16-bit wide point-to-point links in its first generation of circuits.

In this paper we evaluate the unidirectional slotted ring [3] as an alternative to
buses for cache-based multiprocessor systems with up to 64 processors and in the context
of multitasking. The unidirectional ring is the simplest form of point-to-point
interconnection. Snooping and directory-based protocols are first described for the slotted
ring, and then their performance is compared using a hybrid methodology including trace-
driven simulations and analytical models. This study differentiates itself from past works
on ring performance by considering the ring in the context of a shared memory
multiprocessor, and evaluating its performance at the cache coherence level.

The slotted ring architecture is described in the next Section. Section 3 briefly
explains the snooping cache coherence protocol as proposed in [3] as well as a directory-
based protocol, both for the slotted ring architecture. Quantitative evaluations of the two
protocols are shown in Section 4, after which the performance of the slotted ring is
compared to that of a high-end split transaction shared bus. Related work is discussed in
Section 5. Final remarks and conclusions are drawn in Section 6.

2.0 The Slotted Ring

The ring is the simplest form of point-to-point interconnection, which means minimum
number of links per node and simpler interface hardware. In particular, the unidirectional
ring requires the simplest routing mechanism possible: the only decision routing decision
is whether to remove a message from the ring or to forward it to the next node.
Consequently store-and-forward is avoided; communication delays are shorter and the
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raw bandwidth provided by point-to-point links is better utilized. Point-to-point
connections are becoming so fast that it is possible that the board logic will eventually

become a performance bottleneck, and therefore simple and fast routing mechanisms will
be critical.

FIGURE 1. The Unidirectional Ring Interconnect

@ latches
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partition
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A 16-Node Slotted Ring Node Structure

The general architecture of the unidirectional ring is shown in Figure 1, and
consists of a set of processing elements containing a CPU, local cache memory, a fraction
of the shared memory space, and a ring interface. The data path on the ring interface
consists of one input link, a set of latches, and one output link. At each ring clock cycle the
contents of a latch are copied to the following latch, within a ring interface and across the
links, so that the interconnection behaves as a circular pipeline. The main function of the
latches is to hold an incoming message for a few clock cycles in order to determine
whether to forward it or not. The number of latches in each interface should be kept as
small as possible so to reduce the latency of messages.

The ring access control mechanism which dictates when a node can send a
message is complicated by the fact that messages can be larger than the width of the data
path (latches and links), and may span multiple pipeline stages. Furthermore, messages
can have different sizes. An interconnection for a cache-coherent system has to deal with
at least two types of messages, which we call probe messages (or probes) and block
messages. Probes are short messages carrying miss and invalidation requests, consisting
typically of a block address field and other control/routing information. Block messages

are made up of a header, which is similar to a probe, plus a cache block, and carry cache
blocks for misses and write-backs.

To avoid the complexities associated with breaking messages into packets, the
protocol must transmit messages in consecutive pipeline stages. Therefore, consecutive
empty stages to fit a particular message must be found. There seem to be three main
solutions: token passing rings, register insertion rings and slotted rings. In token passing
rings a special bit pattern, called token, is passed from node to node allowing the node
with possession of the token to transmit. The main disadvantage of token passing is that
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only one message may travel on the ring at a time, which is a waste of bandwidth if the
ring can accommodate more than one message. In the register insertion approach, chosen
for the SCI standard, a bypass FIFO between the input and output stages of the ring
interface buffers incoming messages while the local processor is transmitting. When the
transmission is completed, the contents of the FIFO are forwarded to the output link and
the local processor is not allowed to transmit until the FIFO is emptied.

In the slotted ring approach the ring bandwidth is divided into marked message
slots with different sizes circulating continuously through the system. A processor ready
to transmit a message waits until an empty slot with the same size as the message passes
through. A single bit in the header of the slot identifies an empty slot. The slotted ring
restricts the utilization of the ring bandwidth by different message types because the mix
of message slots is pre-determined. This restriction has no impact on performance
provided the mix of slots matches the expected mix of messages. In a cache-coherent
environment there are only two types of messages (probes and blocks). The particular mix
depends on the cache coherence protocol, and therefore we postpone this discussion until
the next Section.

We chose the slotted ring in our evaluations mainly for its simplicity, but also
because it can support both snooping and directory-based protocols. Snooping cannot be
implemented on a register insertion ring. An implementation of snooping on a token ring
is presented by Delp and others in [9]. In Section 5 we further discuss the trade-offs
between different ring access control mechanisms.

3.0 Coherence Protocols for the Slotted Ring

3.1 A Snooping Protocol

It is generally believed that snooping protocols [15] are only suitable for bus-based
systems, and therefore protocols based on directories are favored [1,6,7] for point-to-point
connected systems, such as the slotted ring. Snooping relies heavily on broadcasting of
memory operations, which comes for free in bus systems. In fact, snooping protocols can
be implemented on the top of any interconnection topology, provided the cost of the
frequent broadcasts is acceptable with respect to the cost of unicasts or multicasts.
Snooping protocols require less state information at the memory modules and are less
complex than most protocols.

The snooping cache coherence protocol for the slotted ring, introduced in [3], is a
write-invalidate write-back protocol, logically similar to an ownership-based snooping
protocol for a split transaction bus. Three cache states, Invalid (INV), Read-Shared (RS),
and Write-Exclusive (WE), indicate whether the block is not present in the cache, present
in read-only mode, or present in read-write mode respectively. The node to which the
address of a cache block maps is called the home node for that block. The node that has a
WE copy of a block is called the dirty node. A dirty bit is stored with the block frames in
memory to indicate when a block is cached in WE state. The dirty bit is very important to
the snooping implementation on the ring since it indicates to the home node whether it has
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the most recent (or valid) copy of a block, and whether it should respond to miss requests
for that block. When the dirty bit is set, the node with the WE copy of the block is
responsible for responding to coherence requests.

TABLE 1. Snooping Protocol

Read Miss

if <block is dirty>
dirty node sends copy to requester & changes to RS
requester receives block & forwards copy to home node
home node resets dirty bit

else
home node sends copy to requester

requester final state is RS

Write Miss if <block is dirty>

dirty node sends copy to requester & changes to INV
else

all caches with RS copy change to INV

home node sends copy to requester & sets dirty bit
requester final state is WE

Invalidation /* block is already cached in RS state at requester */
all nodes with RS copies change to INV
home node sets dirty bit

Read miss, write miss, and invalidation! requests are broadcasted through the ring
in probe slots. Probes are inserted and removed by the requester and are “snooped” as they
pass through each node in the system. The node with the valid block copy (the valid node)
acknowledges a probe message. Coherence actions at the snooper are consistent with
write-invalidate protocols and are shown in Table 1.

The most important feature of this snooping protocol is that no coherence
transaction traverses the ring more than once. In this sense, the latency of coherence
transactions is minimum. This is possible because probes are snooped on without being
removed from the ring. The valid node does not send the acknowledgment in the same
probe slot, but rather in an acknowledgment field in the following probe slot of the same
type. This approach gives the node enough time to snoop. Furthermore, the latency of
misses is independent of the relative positions of the requesting node and of the valid
node. Therefore, the slotted ring with a snooping protocol behaves as a uniform memory
access (UMA) interconnect, just like a shared bus.

Snooping implementations have harder real-time constraints than non-snooping
implementations, since the snooper must react to all remote memory operations issued in
the system. With today’s point-to-point connection speeds of up to 500 MHz, the snooper
hardware could not respond at the maximum rate of incoming probes. That prevents
snooping from being implemented on a register insertion ring. The slotted ring access
control mechanism proposed in [3] is one way to overcome this problem. In this scheme

1. The difference between a write miss and an invalidation is that an invalidation is issued when the node
already has a RS copy of the block, and it is only requesting permission to write.
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probe slots on the ring are separated by a minimum number of clock cycles by interleaving
them with other types of slots, forming frames. A frame is composed of one probe slot for
even-address blocks, one probe slot for odd-address blocks, and one block slot. Therefore,
if the dual-directory on the ring interface is 2-way interleaved, two consecutive probes for
the same part of a dual-directory are always spaced by at least a frame size, which is no
less than 25 nsec for a 64-bit wide ring using a 16-byte cache block size and clocked at
200 MHz (5 nsec). The mix of 2 probe slots per block slot is the optimum for the snooping
protocol, because the number of probes and block messages generated in actual
simulations is approximately the same, and probes traverse the whole ring whereas block
messages are removed by the destination and traverse only half the ring on the average.

3.2 A Directory-Based Protocol

The full map directory-based protocol outlined here has the same cache states as the
snooping protocol. The home node of a block knows whether the block is dirty, and which
nodes currently have valid copies. A directory entry is kept with each memory block with
one presence bit for each node in the system. A set presence bit indicates that the node
may have a copy of the block.

TABLE 2. Directory-Based Protocol

Read miss if <block not dirty>
home node records requester as having RS copy
home node sends copy to the requester

else
home node forwards request to the dirty node
dirty node changes its state to RS & sends copy to requester
requester stores block as RS and forwards it to home node
home node records the two nodes as having RS copies

Write miss if <block uncached>
home node records requester as having the WE copy
home node sends copy to requester
if <block cached not dirty>
home node sends invalidation to nodes with RS copies
& sends copy to requester; records it as having the WE copy
if <block cached dirty>
home node forwards request to dirty node
dirty node replies to home node and sends copy to requester
dirty node changes to INV; requester changes to WE
home node records requester as having the WE copy
Invalidation || if <no other cached copies of the block>
home node records requester as having the WE copy and acks req.
else
home node sends invalidation to all nodes with RS copies
home node records the requesting node as having the WE copy

All coherence requests are first sent to the home node. The home node looks up the
directory entry for the block and takes the appropriate coherence actions. Table 2
summarizes the coherence actions in the directory-based protocol.
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From the protocol description in Table 2, read misses on clean blocks take only
one trip around the ring, since it is a request/response transaction between the requester
and the home node only. The latency in this case is the same as in the snooping protocol.
Whenever the home node is not the valid node (i.e., there is a dirty node), a request is
forwarded to the dirty node. If the dirty node is on the path between the requester and the
home, one extra trip around the ring is needed, as seen in Figure 2.b. Moreover, on all
write misses and invalidations for blocks that are cached RS elsewhere, the home node
must send a multicast invalidation and wait for the reply before responding; this case also
requires one extra ring traversal.

FIGURE 2. Read miss on a dirty block: (a) Snooping vs. (b) Directory-based

miss reply (block) miss reply (block) (3)

. 9 s e >

\ requester \ requester

The choice of a full map directory protocol rather than other directory protocols
such as limited directory protocols [1,2,16] or linked list protocols [14] was made based
purely on performance considerations. We wanted to compare the snooping scheme with
the most efficient directory protocol, in the context of the slotted ring architecture. Linked-
list and limited directory protocols save memory especially in very large scale systems,
but they are not likely to outperform full map directories in the context of the slotted ring.

(a)

(b)

Linked list protocols have been adopted by the SCI standard [17] and thus deserve
special attention. In a linked list protocol, each block frame in a cache has one or more
pointer fields linking all nodes with cached copies of a block in a sharing list. The home
node keeps a pointer to the node at the head of the sharing list (the head node), which is
responsible for maintaining the coherence of the block. For some requests, the
unidirectional ring under a linked list protocol must be traversed multiple times. Since the
head node is responsible for the coherence of the block, the home node must forward the
request to the head node on each miss to a block currently cached. As in the full map
protocol, the ring may be traversed once or twice, depending on the relative positions of
the requester, the home and the head. Furthermore, invalidating the sharing list takes extra
ring traversals when the order the nodes in the sharing list conflicts with the direction of
the ring. In the worst case, it may take n traversals to invalidate a block shared by n nodes.
Table 3 compares the distribution of misses and invalidations requiring 1, 2 and 3 or more
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ring traversals for three 16 processor benchmarks, in the linked list and full map protocols.

3ormore | 0.0 10 |00 [52 J0O |06 |00 [42 |00 1.8 | 0.0 19.3

3.3 Discussion

The performance differences between the snooping and the directory protocol are very
dependent on sharing patterns. If an application has very little read-write sharing of
blocks, the vast majority of misses to shared data are misses on clean blocks, and most
invalidations find the block uncached elsewhere. In this case the latencies for the full map
and the snooping protocols are similar and the full map protocol needs less bandwidth
than the snooping protocol, because the probes are not broadcast in the full map scheme.
Therefore, the directory protocol could outperform snooping because of the lesser
contention experienced by probe messages.

On the other hand, in applications with a fair amount of read-write block sharing,
the coherence transactions in the directory protocol may experience significantly non-
uniform and higher latencies. This non-uniformity of latencies cannot be easily avoided by
intelligent placement of data or scheduling of processes. In Figure 2.b, if processors P2
and P7 share a block read-write, the configuration depicted always occurs for either P2 or
P7, no matter where the home node of the block is (except for P2 or P7).

Unfortunately, the optimum mix of probe and block slots is not as predictable for
the directory scheme as it is for the snooping scheme, because transactions do not always
commit in a single ring traversal. If most misses are to clean blocks, a probe message is
sent from the requester to the home node which removes the probe and replies with a
block message to the requester. The probe and the block messages traverse half of the ring
on the average, and the ratio between probe and block slots should then be set to 1:1 (it is
reasonable to consider that invalidations and write-backs partially compensate each other
in the total message count). However, if the number of misses and invalidations with more
than one ring traversal is significant, the load of probe messages increases. In our
experiments, the traffic (in terms of number of slots) generated by probe messages in the
directory protocol was between 1 and 2 times the traffic generated by block messages. We
chose a mix of 2 probe slots for each block slot for the directory protocol because the
performance of the programs are more sensitive to probe slot utilizations than to block slot
utilizations (in our simulations, the processor always blocks on a miss or an invalidation,
but not on a write-back.)
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4.0 Performance Evaluation

We have quantitatively compared the performance of the slotted ring under different
classes of coherence protocols and of a high-performance split transaction bus under a
snooping protocol. The evaluation methodology is a hybrid one, composed of trace-driven
simulations and analytical models and similar to prior studies [7]. Very detailed trace-
driven simulations of a limited number of configurations were first performed to gain
better understanding of the interactions between the programs and the architectures. Then
a set of simple analytic models were formulated to capture the essential performance
characteristics. The parameters of the models are derived in the simulations, and the
outcome of the models are validated against those same simulations. The advantage of this
approach is that we have the type of confidence in the accuracy of the results that is
expected from detailed simulations, but we also have the agility of analytical models to
explore the design space more thoroughly and efficiently. Each run of our trace-driven
simulations takes an average of 6-8 CPU hours to complete, on a Sun SparcStation2,
generating only one point in the design space for each benchmark. The analytical models
typically take less than a second of CPU to generate complete curves.

All the evaluations discussed in this section are performed by first simulating each
benchmark for each value of network bandwidth and with 50 MIPS processors; the
simulations generate parameters describing the average behavior of each system,
including a count of each type of relevant coherence event. The parameters are then
applied to the analytical models to generate all the curves. All model predictions fall
within 15% of the simulated values for latencies, and within 5% for processor and network
utilizations. The formulation of the model for the slotted ring with snooping is presented
in the Appendix, as well as selected validation results. The models for the directory-based
slotted ring and the split transaction bus follow a very similar derivation.

4.1 Benchmarks

The models and simulations are driven by two sets of benchmarks. The first set is a group
of three programs from the Stanford SPLASH benchmark suite [29]: MP3D, WATER and
CHOLESKY. These programs were traced using the CacheMire simulator [4] developed
by Per Stenstrom’s group at Lund University, Sweden, and traces were obtained for
systems with 8, 16 and 32 processors. MP3D is a rarefied fluid flow simulation program
used to study the forces applied to objects flying in the upper atmosphere at hypersonic
speeds, and it is based on Monte Carlo methods. WATER evaluates the interactions in a
systems of water molecules in liquid state and consists of solving a set of motion
equations for molecules confined in a cubic box for a number of time steps. CHOLESKY
performs a parallel Cholesky factorization of a sparse matrix, and it uses supernodal
elimination techniques.

Traces for the second set of benchmarks were obtained from Anant Agarwal’s
group at MIT [7], and are 64-processor traces of three parallel FORTRAN programs: FFT,
WEATHER and SIMPLE. FFT is a radix-2 fast Fourier transform program. SIMPLE
solves equations for hydrodynamics behavior using finite difference methods. WEATHER
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also uses finite difference methods to model the atmosphere around the globe. The main
characteristics of the traces derived from each benchmark are shown in Table 4. The miss
rate values were derived with 128 Kbytes direct-mapped caches with a block size of 16
bytes. We assumed throughout that instruction references never miss, in order to reduce
the simulation times. This assumption did not impact the results since the actual hit rate in
the instruction cache is extremely high. The analysis also assumes that a processor blocks
on all misses.and invalidations. The time to access a local memory bank is 140 ns for all
systems. The detailed simulations of the ring and bus systems were developed on top of
the CSIM package [28] which is a library of C functions for process oriented simulation.
A lot of effort was put in optimizing and verifying the correctness of the simulators, which
model the architectures and cache coherence protocols in very fine detail.

TABLE 4. Basic Trace Characteristics (references in millions)

- | references references mi
MP3D 3 3.76 7.31 248 (22% write) [1.27 (33% write)| 3.29% 0.44%
16 3.94 8.23 2.50 (22% write) |1.43 (30% write)| 4.54% 12.17%
32 4.64 11.16 | 2.51 (22% write) |2.08 (21% write)| 16.55% 35.74%
WATER 8 11.05 25.89 | 9.54 (18% write) | 1.50 (7% write) | 0.21% 1.38%
16 11.36 27.15 | 9.55 (18% write) | 1.81 (6% write) | 0.32% 1.82%
32 11.60 28.12 | 9.56 (18% write) | 2.03 (6% write) | 0.73% 3.82%
CHOLESKY || 8 6.97 15.00 | 5.29 (21% write) |1.62 (14% write)] 2.88% 10.61%
16 891 21.26 | 6.27 (20% write) | 2.55 (9% write) | 6.12% 18.96%
32 13.75 37.84 | 8.21 (18% write) | 5.33 (5% write) | 19.47% 46.71%
FFT 64 431 3.12 3.28 (27% write) [1.03 (50% write)] 6.85% 26.12%
WEATHER 64 15.63 13.64 | 13.11 (16% write) |2.52 (19% write)] 5.25% 30.78%
SIMPLE 64 14,02 11.59 | 9.94 (35% write) |4.07 (11% write)| 15.97% 54.16%

4.2 Snooping vs. Directory Protocols for the Slotted Ring

The comparison between the snooping and the directory-based protocols for the slotted
ring is shown in Figures 3 to 6. Processor uﬁlizationz, average ring slot utilization and
average miss latencies are displayed for systems with 8, 16 and 32 processors for the
SPLASH benchmarks, and for systems with 64 processors for the remaining benchmarks.
The clock rate of the ring is fixed at 500 MHz (2 nsec) and the processor cycle time varies
from 1 to 40 nanoseconds. The simulations assume a scalar RISC-like single cycle
instruction execution while accesses hit in the cache. Therefore, a processor cycle of 20
nsec. means 50 MIPS of processing power.

Using a 2 nsec. ring clock cycle the pure round-trip latency for an 8 processor ring
1s 50 nsec (excluding contention) and it increases linearly with the number of nodes. In the
lower right corner of each Figure we show the distribution of the latencies of remote
misses for the directory protocol3. Remote misses are misses to shared data requiring a

2. [raction of time that the processor is busy, instead of waiting for misses or invalidations.
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ring access. In both protocols all read misses to unmodified blocks and write misses to
uncached blocks are satisfied locally when the requester is also the home node. Clean
misses take one ring traversal only, involving one probe message and one block message;
I-cycle misses are misses to dirty blocks taking one ring traversal because of the fortunate
relative position of the dirty node with respect to the requester and the home node; 2-cycle
misses are the remaining shared misses taking two ring traversals. It should be noted that
the latency of 1-cycle misses is larger than that of clean misses since they require 3 hops to
commit instead of two (requester to home, home to dirty, dirty to requester).

For MP3D, WATER and CHOLESKY, the fraction of clean misses increases
steadily as the system size increases. This is a result of the random allocation of shared
memory pages among the nodes, and of the fact that the traces for all three system sizes
were derived using the same input data set. Consequently, for systems with 8 processors, a
larger fraction of the shared memory space is allocated to each node than for systems with
16 processors and the probability that a miss to a shared data block will not be a remote
miss is higher.

The snooping protocol outperforms the directory-based protocol for all system
sizes for MP3D, because the fraction of 2-cycle misses is significant in all cases. The
performance gap between the two schemes is not as wide for the 32 processor system, in
which the fraction of 2-cycle misses is smaller. The ring utilization levels are always
higher for snooping, because probes are always broadcast in the snooping protocol but not
in the directory-based protocol. Nevertheless the difference in ring utilization levels is not
enough to affect the latencies significantly because the ring is far from saturation. Notice
how the effect of 1-cycle and 2-cycle misses causes the miss latencies to be higher in the
system with 16 processors and the directory-based protocol than in the system with 32
processors and the snooping protocol.

For WATER, the extremely high hit ratio hides most of the differences between the
snooping and directory-based protocols in terms of processor and ring utilization levels.
The miss latency values however indicate the effect of the longer latency of 1-cycle and 2-
cycle misses. CHOLESKY has a smaller fraction of 1 and 2-cycle misses for each system
size than WATER and MP3D, and the gap between the latencies of misses for the two
protocols is not as wide. For all benchmarks, and for systems with 32 processors or less
the latency values do not respond significantly to the increase in ring utilization levels. In
these cases, the processor utilization drops only because of the ring latency and not
because of increases in contention for message slots.

For FFT, SIMPLE and WEATHER, which are 64 processor benchmarks, a slight
increase can be seen in the latency values when the processing power increases. Despite
that, the utilization levels for systems with 100 MIPS processors (10 ns cycle time) is still
no larger than 50%. For such systems, the pure latency of requests, excluding contention
for the network, is responsible for lowering the processor utilization figures, since the ring
is still relatively underutilized. Again, the correlation between the mix of remote misses
and the differences in performance between the two protocols is obvious. Among the three

3. As said before, the latency of all remote misses is constant for snooping, if not for contention delays.
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FIGURE 3. MP3D: Snooping vs. Directory; 500 MHz ring
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FIGURE 4. WATER: Snooping vs. Directory; 500 MHz ring
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FIGURE 5. CHOLESKY: Snooping vs. Directory; 500 MHz ring
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FIGURE 6. FFT, WEATHER and SIMPLE: Snooping vs. Directory; 500 MHz ring
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benchmarks, FFT is the only one that shows a significant number of 2-cycle misses and 1-
cycle misses. Consequently the snooping protocol shows a much better average miss
latency than the directory-based protocol for this benchmark®. However, for the SIMPLE
benchmark, in which there is a very small fraction of higher latency misses, the difference
in average latency figures is negligible.

Although it seems possible that the directory-based protocol could outperform the
snooping protocol in some special cases, that scenario never happened in our evaluations.
The utilization levels of the ring were never high enough to start affecting the latencies
significantly because the configurations with larger number of processors, which might
saturate the ring, also have the larger round-trip delays. Since the processor always blocks
on misses and invalidations, the round-trip delay itself becomes a lower bound on the
minimum inter-arrival interval of messages for each node.

4.3 Slotted Ring vs. Split Transaction Bus

Having determined that the snooping protocol performs better than a full-map directory
protocol on the slotted ring, we now compare the performance of the slotted ring with that
of a split transaction shared bus. As before, we vary the processor cycle time from 1 to 40
nanoseconds. Both the ring and bus are 64-bit wide and use the same processing element
configuration outlined in Section 2. The bus architecture is similar to a split transaction
version of the Futurebus+ (IEEE 896.x standard), with a 3-state write-invalidate snoopy
protocol. Figures 7-12 compares the performance of a 200 MHz and of a 500 MHz ring to
a 50 MHz and a 25 MHz bus. The bus clock rates were chosen to represent aggressive
values considering current technology and the range of system sizes.

The bus clock cycle remains constant for all system sizes, which is somewhat
optimistic because of the electrical limitations of buses mentioned previously. As a result,
the pure latency to satisfy a remote miss remains constant for the bus case (assuming no
contention), while it increases linearly with the number of nodes for the ring case. Using a
16-byte cache block, the minimum number of bus cycles to satisfy a remote miss is $,
excluding arbitration delays and the time to fetch the block in the remote node’s memory
or cache. The pure latency of misses is about 550 nsec. for the 25 MHz bus and 350 nsec.
for the 50 MHz bus. The limited bandwidth of the bus makes the actual miss latency

values quite sensitive to variations in the processor speed, whereas the latency values for
the ring remain nearly constant.

Note that the processor speed is only one of the factors affecting the load on the
interconnect. The average miss ratio for shared data and the fraction of shared data
references are also good indicators of the load on the interconnect, for given processor
cycle and system size. Figures 7-12 show performance results for MP3D which (as can be
seen from Table 4) has a relatively high miss ratio for shared data, and also has a
significant fraction of shared data accesses. In the 8 processor MP3D the performance of
the 50 MHz bus is comparable to the 200 MHz ring for slower processors ( < 25 MIPS),

4. the processor utilization curves for SIMPLE (snooping and directory) and FFT-directory superimpose.
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FIGURE 7. MP3D: 8 processors; slotted ring vs. split transaction bus
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FIGURE 8. MP3D: 16 processors; slotted ring vs. split transaction bus
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FIGURE 9. MP3D: 32 processors; slotted ring vs. split transaction bus
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FIGURE 10. WATER: 8 processors; slotted ring vs. split transaction bus
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FIGURE 11. WATER: 16 processors; slotted ring vs. split transaction bus
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FIGURE 12. WATER: 32 processors; slotted ring vs. split transaction bus
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but it falls behind for a processor cycle under 20 nsec (50 MIPS) because of bus conflicts.
In the 16 processor MP3D the 50 MHz bus is already entering saturation for a 40 nsec
processor cycle. In the ring configurations the processor utilization is still over 50% even
for 100 MIPS processors. In the 32 processor MP3D both buses are completely saturated,
whereas the ring latency is still low. The behavior of CHOLESKY is very similar to
MP3D.

The evaluations using WATER show a very different behavior. In this case the
miss rate values are extremely low, as is the fraction of references to shared data (see
Table 4). The load on the interconnects is much lower than in MP3D. For 8 and 16
processors, the buses saturate for processor speeds higher than 100 MIPS. Even for 32
processors, the 50 MHz bus still shows a very good performance level for 100 MIPS
processors. For the 16 and 32 processor configurations, the pure latency of the 50 MHz
bus is lower than that of the 200 MHz ring and there is a region where the 50 MHz bus
could outperform the 200 MHz slotted ring. However, in all cases, the slotted ring is all
but unaffected by contention delays which is a result of a higher bandwidth. Eventually, as
the buses reach saturation, the ring configurations have far better performance.

FIGURE 13. Contribution of misses and invalidations to the total program execution time
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For 64 processors the bus systems are completely saturated in all cases. It is also
very unlikely that buses for 64 processors can be clocked at 50 MHz, using current bus
technology. Therefore, we will not compare buses and rings for 64 processors. In Figure
13 the contribution of latencies of misses and invalidations to the total program execution
time, is shown for 100MIPS processors in an 8-processor configuration. The 500 MHz
slotted ring is compared to a 50 MHz bus. The unit of the vertical axis is the time to
execute the program if all accesses hit in the cache, i.e., the fraction of the execution time
where the processors are busy. Remote accesses (misses and invalidations) can rapidly
expand the total execution time of the program if the number of misses to shared data and
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invalidations is significant, as is the case in MP3D and CHOLESKY. In these cases the
slotted ring shows significantly better performance than a split transaction bus even for
small scale systems. A very low miss rate and a relatively small fraction of accesses to
shared data are the reason why both bus and ring systems show very little miss/
invalidation overhead for WATER. Such behavior is not likely to be representative of
typical parallel programs due to the decreased spatial locality usually observed in shared
data, and to the presence of false sharing.

1
MP3D 8 18.2 14.7 11.8 9.5 6.3 53
WATER 8 358 33.8 19.9 18.6 8.7 8.4
CHOLESKY 8 19.0 15.2 12.1 9.9 6.1 53
MP3D 16 13.1 10.8 9.2 7.0 6.1 4.5
WATER 16 46.2 347 28.6 234 14.0 12.5
CHOLESKY 16 9.8 8.1 6.9 53 4.6 35
MP3D 32 6.2 59 36 33 22 1.8
WATER 32 28.4 18.4 226 14.6 15.9 10.7
CHOLESKY 32 59 5.6 35 32 2.1 1.8

In Table 5, we applied the same hybrid performance evaluation methodology to
determine the bus clock cycle required of a bus system to attain the same processor
utilization (i.e., the same program execution time) as a slotted ring system, for ring clock
rates of 100, 200 and 500 MHz. and for processor speeds of 100 and 200 MIPS. Ring and
bus widths are 64 bits. A 50 MHz bus (20 nsec) is competitive with a 100 MHz slotted
ring for systems with up to eight 100 MIPS processors, whereas it takes a 200 MHz bus to
be competitive with a 500 MHz slotted ring. For 32 processors, the bus systems to match
the ring systems are probably impossible to implement, considering that busses with high
clock rates are more difficult to build for larger number of processors. Moreover, for all
the cases shown in Table 5, the utilization level of the buses matching ring performance
are at least twice as high as that of the ring slots. With the exception of WATERS and
WATER16 the bus shows utilization levels above 50%, and is frequently saturated. In
contrast, the slotted ring utilizations are always below 50%, and seldom above 30%.

Considering that today’s high speed buses are clocked at 20 to 100 nsec [27] and
that, baring any breakthrough in bus technology, these values are expected to improve
rather slowly, it is safe to say that new bus systems with high performance
microprocessors will probably be limited to up to 8 processors.

The evaluation results showed here also indicate that the slotted ring would benefit
dramatically from latency tolerance techniques, such as lockup-free caches [26], weak
ordering schemes [11,12,30,32] and multithreaded processors [25] because the large
latencies observed for the slotted ring are not caused by heavy contention but by pure
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delays. In other words, there is latency to be tolerated despite the fact that the network is
often underutilized. Since most latency tolerance techniques have the collateral effect of
increasing the load on the interconnect because of the overlap of communication and
computation, they can be self-defeating in an interconnect working close to saturation.
This is would probably happen in a split transaction bus using today’s high performance
microprocessors. The latencies for the slotted ring however are still relatively stable and
the network still far from saturated, in all the configurations that we have simulated, which
indicate that the ring would be able to accommodate the increase in the load without
significantly altering the expected latencies.

5.0 Related Work

Most studies of cache coherence performance for non-bus systems have assumed
variations of directory schemes and have considered complex interconnections, more
suited for large scale systems. Architectures such as the Stanford DASH [22] and the MIT
Alewife [2] are examples of that. They differ in philosophy with the approach taken here
since our focus is on interconnections for small scale systems, or for processor clusters in
large-scale hierarchical multiprocessors.

The performance of unidirectional ring interconnections has been the subject of
extensive analysis in the context of Local Area Networks (LANSs) since the mid 70’s.
Hafner et al [18] proposed a register insertion ring LAN in 1974. Hooper and Needham
describe the architecture of the Cambridge Fast Ring [20] that uses the slotted ring
approach in a LAN environment. Bhuyan et al. [5] among several others have modeled the
performance of ring LANs.

Still in the context of distributed systems, Delp et al proposed a token ring
distributed shared memory system (Memnet [9]) with cache coherence maintained in
hardware by means of a snooping-like coherence protocol. More recently Scott et al [27]
have analyzed the performance of the SCI ring, which is an implementation of the register
insertion access control strategy. They model the ring as a M/G/1 queue and derive the
expected latency of messages with respect to network throughput, assuming an
exponentially distributed arrival of messages. The authors point out that the register
insertion approach suffers from fairness of access problems and may lead to starvation of a
node. The mechanism proposed by SCI to avoid starvation is shown to impact the
effective throughput of the ring. In the slotted ring it is very simple to avoid starvation of
clusters by not allowing a node to reuse a message slot immediately after removing a
message from that slot. Our simulations show that this has no significant impact on the
system performance. Scott also makes a comparison between the register insertion ring
and a shared bus, but without taking the cache coherence level into consideration.

It is not clear for us which scheme, slotted or register insertion, offers the best
performance. Intuitively, under very light loads the register insertion ring may have faster
access since a message does not wait for a proper slot to pass by. On the other hand, under
medium to heavy loads, the simplicity of enforcing fairness on the slotted ring may yield a
better performance than in the register insertion approach. The delay of transmitting a
message in the register insertion ring can vary significantly depending on the activity of
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other nodes in the message path. We also believe that it is simpler to implement a slotted
ring interface because it does not require a bypass buffer.

The Hector multiprocessor [31], under development at the University of Toronto,
uses unidirectional token rings similar to our slotted ring. It is a shared memory
multiprocessor with a three level interconnection hierarchy. Processing elements with a
private cache and a part of the physical memory space are connected to a shared bus
forming what is called stations. Stations are grouped in together in a local ring, which in
turn are connected by a second level global ring. All rings are unidirectional. Even though
the initial Hector architecture did not include hardware support for cache coherence
(shared data were marked as uncachable), more recent work by Farkas at al. [13]
recognizes the need for it and specifies a hierarchical cache protocol based upon the
broadcasting of requests, as in the snooping protocol used here.

The only commercial implementation of a ring connected multiprocessor that we
are aware of at this time is the Kendall Square Research KSR1 [21]. It is a shared memory
cache-coherent multiprocessor based on a two-level hierarchy of unidirectional rings that
uses a memory strategy called Allcache. In this strategy, the usual main memory is
replaced by a very large cache as in the Data Diffusion Machine [19]. There is not much
information currently available on the architecture or cache coherence protocol of the
KSR1. They use proprietary microprocessors capable of delivering 20 MIPS and a 2-level
coherence protocol. The latency of satisfying misses in a single unidirectional ring cluster
is quite high in this implementation - typical miss latencies for requests satisfied within a
32-node ring:0 cluster is 6 to 7 microseconds in a 32 processor ring:0. The slotted ring
architecture under snooping is capable of delivering latencies one order of magnitude
shorter for a system with the same number of nodes.

6.0 Conclusion

In this paper we have evaluated a particular architecture for small to medium scale shared
memory multiprocessor systems: the unidirectional slotted ring. A comparative analysis of
two cache coherence strategies, snooping and directories, for the slotted ring was
performed with a hybrid methodology incorporating detailed trace-driven simulations and
analytical models. Contrary to the common wisdom, the snooping strategy shows a better
performance than the directory-based strategy on the slotted ring. We justified the
differences in performance between the two approaches by looking into the particular
sharing patterns of the various benchmarks used in the evaluations. We also compare the
performance of the slotted ring under snooping with that of a split transaction bus
connected multiprocessor. The results show that even for systems with as few as 8
processors, the slotted ring shows a far better performance than a classic shared bus, for
benchmarks with a significant fraction of remote misses and invalidations. Whereas the
speed of bus interconnections are expected to lag further and further behind with respect
to microprocessors, the ring interconnection is likely to keep up with future generations of
microprocessors. A point is also made that slotted ring multiprocessors may benefit
significantly from the use of latency tolerance techniques, which will be the subject of our
future investigations.
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Appendix: A Model for the Performance of Programs on the
Slotted Ring

Here we briefly describe our modeling approach to the performance of applications
executing on a slotted ring multiprocessor. Our model is similar to what is used by Norton
and Pfister in [24] and Menasce and Barroso in [23]. It is an iterative approximate method
in which a performance model of the program generates input parameters to solve a
performance model of the interconnection, which in turn provides new parameters for the
model of the program. This is a hybrid methodology, since the performance model for the
program receives as inputs some statistics from trace driven simulations of the program
under study. The parameters and formulas used here consider only the snooping protocol
for the slotted ring. A model for the directory-based protocol follows a very similar
structure, but with different parameters, since metrics that reflect the intensity of read-
write sharing have to be taken into account.

The model for the program derives the execution time based on the statistics
collected from trace-driven simulation, from basic timings of the architecture, and from
estimates of the network contention. The statistics derived from trace-driven simulations
are the following:

TABLE AL Parameters from trace-driven simulations of the program

Niee Total number of accesses by a processor

Nimiss Total number of misses to local memory by a processor
Nemiss Total number of misses to shared memory by a processor
Ninv Total number of invalidations sent by a processor

Niback Total number of write-backs by a processor

The timing parameters from the architecture are the time to satisfy a hit, the time to
satisfy a local miss (Lj,;s) and the clock cycle of the interconnection. Here we assume
that the private cache can respond for hits in one processor cycle (Pcye). Therefore,
execution time of the program, considering homogeneous execution in all processor nodes
is given by

PET = N, *Pcyc + Nimiss*Limiss + Nghmiss™ Lsmiss + Ninv*Linv (EQT)

In Equation 1 above, the only unknowns are the latency of misses to shared
memory (Lg,;ss) and the latency of invalidations (L;,,). These parameters depend not only
on the pure latency of remote accesses but also on the contention level in the interconnect,
which have to be determined from a performance model of the interconnection. A
performance model of an interconnection generally receives as input the average or
distribution of the access rate by each processor. Since we are considering a shared
memory environment in which messages are either probes (miss requests/invalidation
requests) or block messages (messages that carry a cache block), it is important to
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