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% Multiprocessing and Scalability

problem for $mall data items, but it can degrade performance if there is frequent communi-
cation or 2 large amount of data is exchanged.

To illustrate this performance difference between message-passing and shared-memory
systems, consider the case where a producer process wants to send 10 words of data to a con-
sumer process. In a typical message-passing system with a blocking send and receive proto-
col, this would be coded simply as

Producer Process Consumer Process

send (Proc;, Process;, @sbuffer,
num_bytes) ;

receive(@rbuffer,max_bytes);

Since the operating system is multiplexing the network resources between users, this code
would usually be broken into the following steps:

1. The operating system checks protections and then programs the network DMA con-
troller to move the message from the sender’s buffer to the network interface.

2. A DMA channel on the consumer processor has been programmed to move all mes-
sages to a common system buffer. When the message arrives, it 1s moved from the
network interface to this system buffer, and an interrupt is posted to the processor.

3. The receiving processor services the interrupt and determines which process the
message 1s intended for. It then copies the message to the specified receive buffer and

reschedules the user process on the processor’s ready queue.

4. The user process is dispatched on the processor and reads the message from the user’s

receive buffer.

On a shared-memory machine, there 1s no operating system mnvolvement, and the processors
an transfer the data using a shared data area. Assuming this data 1s protected by a flag indi-
cating 1ts availability and the size of the data transferred, the code would be

Producer Process Consumer Process
for(1:=0; i<num_bytes; 1i++}
buffer{i1] := source(1];

flag := num_bytes;

while (flag == 0) ;
for (i1:=0; i<flag; 1++)
dest (1] := buffer{i];

\ comparison of the timing of these operations 1s given in Figure 1-3. For the message-
passing case, the dominant costs are fixed and determined by the operating system overhead,
programming the DMA, and the interrupt processing. For the shared-memory system, the
overhead s primarily on the consumer reading the data since 1t 1s then that data moves from

ithe global memory to the consuming processor. Thus, for a short message the shared-
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FIGURE 1-3 Timing of a 10-Word Transfer on Message-Passing and Shared-Memory Systems.

memory system is much more efficient. For longer messages, the message-passing system
has similar or possibly higher performance, depending on the operating system overheads in
the message-passing system and the efficiency of the shared-memory consumer reading the
message.

Block diagrams of typical distributed-memory and shared-memory machines are given
in Figure 1-4. The structure of the message-passing MIMD machine is the same as given in
Figure 1-1(a). The network interface in the message-passing machine provides the DMA
controllers and other hardware to send and receive messages trom difterent processors. A
simple MIMD shared-memory machine is shown in Figure 1-4(b). In most shared-memory
machines the processors and memory are separated by an interconnection network. For
small-scale shared-memory machines the iterconnection network 15 a simple bus, while
larger machines use multistage networks similar to the message-passing machines. Section

1.3.1 discusses the structure of the interconnection networks in more detail.




DASH Prototype System

T he DASH prototype system was an outgrowth of research into scalable shared-mem-

ory multiprocessing in the Computer Systems Laboratory at Stanford University. The
primary goal of building the machine was a better understanding of the design 1ssues and
feasibility of this class of machine. The existence of a real machine would also aid in the
development and characterization of parallel processing software including new applications,
automatically parallelizing compilers and parallel languages, and multiprocessor operating
systems. Another indirect benefit of building the machine was to provide a realistic set of
performance metrics (e.g., obtainable latencies and bandwidths) for use in related architec-
ture simulation studies.

Work on the prototype system began in the fall of 1988 and resulted 1n the nunal 16-
processor configuration in the spring of 1991 and a 48-processor system onc year later, The
design and implementation were carried out by a small group of graduate students (includ-
ing the authors) under the direction of Professors John Hennessy and Anoop Gupta. Profes-
sors Mark Horowitz and Monica Lam were also part of the larger DASH project and gave
valuable input in the prototype design.

This chapter summarizes the system-level organization and coherence protocol used n
the prototype systern. Details of the actual hardware structures and implementation costs are
given in Chapter 7. While the prototype was not necessarily optimal in implementing all
aspects of the DASH architecture, the description 1n this chapter is based on the prototype
because it represents a complete and consistent design. A high-level description ot a more
ideal implementation of DASH is given in Chapter 9.

The discussion in this chapter begins with a description of the system-level organization
of the DASH prototype. The discussion then moves down to the level of the individual clus-
ters. The structure of a cluster 1s given with emphasis on the directory and network logie that
exccute the directory-based coherence protocol. The protocol s then discussed, starting with
the basic invalidation-based coherence protocol. The protocols for the alternative memon
operatons (prefetch, update write, and synchromzation) arc then grven. The chaprer ends

with a summary of the prototype organization and the protocol features,
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FIGURE 6 -1 Block Diagram of the DASH Prototype System

6.1 System Organization

A block diagram ot the DASH prototype system 1s shown in Figure 6-1. As a specific
instance of the more general picture given i Figure 1-4(a), this diagram retains the three
important attributes of the DASH architecture. First, the processing nodes and memory are
interconnected by a scalable network. In the prototype, a pair of 2-1) mesh networks are
used. Second, the global shared memory 1s distributed among the processing nodes. Third,
cach processing node 1s a small-scale multiprocessor cluster. Each cluster contains four pro-
cessors, a portion of global memory, and local [/O devices. The following sections examine
the structure of the individual clusters and the interconnection meshes in more detail.

The prototype system 1s imited to a 4 X 4 configuration with 16 clusters and 64 proces-
sors. This limit was chosen due to the constraints in memory addressing of the base cluster
hardware, which supports no more than 256 MByte of total memory. Thus, with 16 clusters

the size of cach cluster’s focal memory partition 1s only 16 MByte. While the system could
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have been extended to support 32 or 64 clusters, the amount of memory per cluster would
become too small. Support of 64 high-performance processors still gives the prototype much
more power than would be possible on a single bus, and it provides a valuable platform for
evaluating the architecture and experimenting with parallel software.

6.1.1 Cluster Organization

The individual shaded boxes in Figure 6-1 represent a single DASH cluster. Each cluster
contains a set of processors, a section of the global memory, the directory and intercluster
interface, and optional local I/O devices. These modules are interconnected by a bus sup-
porting snoopy cache coherence. The directory tracks caching information at the cluster
level, while bus snooping keeps the individual processor caches coherent.

A practical benefit of the prototype’s structure is that a single cluster without its direc:
tory logic 1s a small-scale bus-based multiprocessor. This allows the cluster to be based on an
existing commercial multiprocessor and helped reduce development tme and effort. The
clusters in the prototype are based on Silicon Graphics POWER Station 41)/340s [ B]S88]
Although leveraging available hardware has constrained the coherence protocol and pertor
mance m some areas, the prototype retains the fundamental features of high pertormance
and scalable memory bandwidth.

The SGTHD/340 system consists of four MIPS R3000 processors and R3010 Hoating
pornt coprocessors runnmg at 33 Mz Fach processoris nommally rated e 25 VAN MIPS
and 4.9 DP LINPACK MFLOPS. Figure 6-2 shows a block diagram ot a processor and its
two levels of cache. The first-level caches consist of a 64-KByte instruction cache and a 64
KByte write-through data cache. Theidata cache interfaces to a 256-KBvte, second-level
write-back cache through a four-word write buffer. The write bufter allows the Processor to
continue executing instructions and accessing 1ts first-level cache while writes are outstand
g Both the st and sccond-level caches are direct-mapped and use 16 byee cache lines
[he tiest Jevel caches are synchronous with therr associated processor, and the second level
cache s synchronous o the 16 Mz cluster bus. The sccond level caches are responsible for
bus snooping and mamtaning coherence amonyg the duta caches widnn the custer: Coher
cnce s mamtaned by an Hhinots (MESI) protocol [PaP84, SwS86|. The Hhnons protocol s
especially usetul i DASH since 1t speatfies that processor caches should satisty all reference
possible (e, read requestsat they have a shared copy of the requesced Tine, and a read-exclu
swe requestat they have a dirty copy). Such transfers do not reduce the Latency of local mem
ory, but they can short-cireunt accesses to remote memory by shaning data between processor
caches. Ettectively, the set of processor caches act as a cluster cache for remote memory, stm-
ar 1o the shared mululevel caches proposed tor other scalable systems [WWS489, CGB91]
rsee Secnton 5.2 tor derails).

Local /O devices within the cluster support scalable bandwidth to disks and communi-
cation channels. The /0 mtertace supports direct memory access (DMA) 10 memory.
DMA access ditfers from normal processor access in that the DMA requestor does not con
tun 4 cache Thus, DMA read operations must return coherent data, but this dataos not
subsequenty kept coherent Likewise, DMA wnite operations need to update all cached

Jatas but they do not request exclusive ownership The semanties of @ DNA wiite amounts
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FIGURE 6 -2 BiockDiagram of a Processor in the DASH Prototype.

to an update coherence protocol. In the prototype, DMA transfers are supported across the
system and are integrated into the support for processor update writes. Thus, support for
DMA operations tmproves both I/0O and INtErprocessor communication performance.

The cluster bus (MPBUS) of the 41)/340 is a synchronous bus that consists of separate
32-bit address and 64-bit data buses running at 16 MHz. While the MPBUS is pipelined, it
s not spht-transaction. The bus protocol is a problem for DASH because temote accesses
must not occupy the bus while the request is outstanding. If such accesses did occupy the
bus, then memory bandwidth would be reduced considerably, and deadlock could result. As
shown in Figure 6-3, deadlock could occur when two processors in different clusters make
accesses to the memory in the other’s cluster (steps 1 and 2). If both processors continue to
hold their local bus while attempting to acquire the bus in the other cluster (steps 3 and 4),
then the system will deadlock.

The deadlock problem is solved in the prototype by adding a bus retry mechanism to
the MPBUS, which effectively creates a split-transaction protocol for remote accesses.
When a remote access s first made, the processor ts forced to retry, and a request is sent to
the remote cluster for service. To limit the loss in bus bandwidth while the remore request 1s
outstanding, the bus arbiter s modified to accept a mask from the dircctory logic. The mask
voset while the request s outstanding and keeps the processor from doing unnecessary

retnies. When the remote reply is received, the arbitration mask is released and the processor
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FIGURE 6-3 DpDeadlock Example on Two Non-Split-Transaction Cluster Buses. (1) Pl in Cluster |
loads A (generates local bus transaction ). (2) P2 in Cluster 2 loads B (generates local bus transaction).

(3) P1'sread request can't be issued on Cluster 2 bus because of P2's outstanding request that is holding the
bus. (4) P2's read request can't be issued on Cluster 1 bus because of Pl s outstanding request that is
holding the bus.

retries the access. This time, the directory logic can satisfy the request, and the processor
completes its memory access. '

To use the 4D/340 in DASH, we have had to make minor modifications to the existing
system boards and design a pair of new boards to support the directory and intercluster
mterface. The primary modification to the existing boards is support for the bus retry and
arbitration masking outlined in the previous paragraph. Other minor modifications to the
standard 4037340 include changing the memory board to accept a local/remote decode signal
from the directory logic and reducing the read miss fetch size from 64 bytes to 16 bytes.
Reducing the fetch size to 16 bytes was done because the 64-byte fetch is actually done as
four separate 16-byte bus transactions on the 41)/340. While this same technique could have
been used across clusters in DASH, these accesses could not be pipelined. Thus, any hit rate
improvement from the larger fetch size was likely o be nullificd by the increase in miss pen-

aley.

6.1.2 Directory Logic

The directory logic in DASH is responsible for implementng the directory-based coherence
protocol and interconnecting the clusters within the system. A block diagram of the direc-
tory boards 1s shown in Figure 6-4. The logic is partitioned between the two boards roughly
mito the logic used for outhound and inbound portions of intercluster transactions. [he
boards are called the directory controller (1DC) and reply controller (RC) boards, respec

vely
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The DC board contains three major subsections. The first section is the directory con-
Jdler, which includes the directorv memory associated with the shared memory contained
thin this cluster. The DC logic 1< responsible tor keeping the directory updated and send-
+all outhound network requests and replies. The second section s the request and reply
abhound metwork logic together with the hornizontal dunension of the network itselt
Cluded i dhis Togie are FIFOs that isolate the local bus trom congestion on the global net
ik The ainal section of the DC board s the performance monitor. The prototype s
tended as an experimental machine, and the pertormance logic aids in the analysis of the

~tem by tracing and counting a variety of low-level mtra- and intercluster events.

The directory memory 1s organized as a stmple it vector with one bit for each of the 16
asters. Inaddition to the bit vector, cach directory entry contains two state bits and two
anty bits. One state bit indicates whether the memory black s held dirty in some remorte
uster. The other bitas the logical OR of directory vector and provides a quick indication of

“nether the block 1s cached in a remorte cluster. While the bit vector structure s not scalable,
- memory overhead s similar to more scalable schemes given the limited size of the proto
pe Lo addition, the full bit map allows more direet measurements of the caching behavior
“the machime: Scalable extensions to this structure and their effects on the prototype proto
care outhned m Chaprer 9.
Fhe divectory memory s aceessed oncach bus transacuon, 1 he directory information

snbied with the vpe ot bus operanon, address, and the result ()f.\'ll()()ping the local caches
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Assuming false sharing is minimized, coherence misses are affected primarily by the
actual cache coherence protocol. For example, support of a clean-exclusive state (this state is
entered on a cache read miss when the block is uncached at the tme of the cache fill) in the
protocol [PaP84] reduces cache misses in the common case of a processor updating a loca-
tion through a read-modify-write sequence. When there is actual processor-to-processor
communication through shared-memory locations, however, an invalidation-based coher-
ence protocol must cause cache misses. Some techniques attempt to delay or combine the
implied invalidations [DBW+91], but maintaining coherence with invalidations will inevita-
bly cause coherence misses. Update protocols can be used to eliminate these misses, but at
the cost of substantial interconnect bandwidth to propagate updates [GDF94]. Unfortu-
nately, these updates may not even represent real communication if the updated processor
does not reread the updated location.

After minimizing cache misses, the next unportant task is to reduce the penaley ot cache

misses (see Section 1.2.1). Reducing the latency of these cache miss requests requires redue

ing the latency of the lower levels of the memory hicrarchv. Generally, the Tevels ot hnerarcin

below the cache include the following:

1. Additional levels of caches close to the processorsicluding strucrures such as clusees
caches or snooping on the caches of neighboriy processors
: 2. The main memorv array that holds the requested location

.3 3. A remote processor cache that holds the most up-to-date (e, dirtv) copy ot the
2

location

The latency in accessing these levels, especially levels 2 and 3.5 highlyv dependent on the
4 latency of the interconnect network. The most obvious way to reduce latency s to e
aggressive technology and implementation rechniques to reduce the absolute time ot access
1 ing each level and traversing the network between the levels. While this technique s alway-
desirable, 1t is not likelv to be sutficient because the processor usually uses the same unple
o mentation technology as the memory system. Thus, the speed of memory in CPT clock

cveles is hikely to be large if the system is large. Lven worse, given the significant investmer:
A ¢ ¢ ¢ g

in a given system and interconnect implementation, many systems eventually use next-gen-
cration processors with the previous-generation memory systen. Thus, technology alone i<
msufficient, and architectural techniques must be used as well. In the next sections, we out-

line a number of the architectural techniques to reduce memory latency.

3.2.1 Nonuniform Memory Access (NUMA)

NUMA architectures attempt to reduce the average latency of memory by partitioning sys
tem memory and allocating a portion of memory to each processor node. While the most
general definition of a NUMA architecture is simply a system with varying delays to ditter-
ent portions of memory, NUMA usually refers to systems 1n which nodes of the system:
mclude both processors and memory, as shown i Figure 3-2. The NUMA structure has
been used on a number of systems (c.g., BBN Butterfly, Stantord DASH, and Cray T3D).

For small systems, the NUMA structure reduces latency cven if random locations are
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FIGURE 3-2 Nonuniform Memory Access (NUMA) Architecture

accessed because 1t will significantly reduce memory latency on the fraction of locations that
are 1o the local memory (i.e., memory n the same node as the processor). For example, 1t
there 1s a 3:1 ratio of remote to local memory delay, 2 NUMA architecture will reduce the
average memory latency by 16% in a four-processor system, when compared with an archi-
tecture where all memory is remote.

On larger systems where local memory represents a small fraction of the system's total
memory, software must properly allocate memory and limit process migration for the
NUMA architecture to reduce latency significantly. One obvious area for optimization is
data that is private to a given process. [Likewise, if code s replicated, then code misses can be
arranged to be satisfied from local memory. Finally, it shared data structures are accessed pri
marily by one processor, ;1110cating these locations from the processors local memory can

reduce ave rage latency.

3.2.2 Cache-Only Memory Architecture (COMA)

In a NUMA architecture every memory line has a fixed mapping trom its address to the
main memory of one node. In contrast, in a cache-only memory architecture (COMA) there
ts no fixed mapping. Even the system main memory space is treated as a cache, known as an
attraction memory [HLH92] (see Figure 3-3). There are two major advantages to this
arrangement. First, memory lines can move around to where they are needed. Second,
shared copies of a line can exist in several nodes at once, which is beneficial for read-only or
mostly-read data. These advantages help primarily by reducing the capacity misses of shared
data, lcading to lower aver; emory latencies.

The downside of COMA archutectures is the additional hardware complexity required
to treat man memory as a cache. This entails an additional level of mapping memory lines
mnto attraction memories and finding 4 copy of a given cache lime somewhere in the System
There is also overhead both t space (10 store the tags) and 1ime (1o find 4 copy of a given
line) To addition, the svstem must make sure that at least one copy of every memory line s
retwmaed i some node, which means that lines sometimes need to he moved around as 1

result of g replacement i the attraction memory.
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FIGURE 3-3 Cache-Only Memory Architecture (COMA).

Comparing the performance of COMA and NUMA architectures, we find that, on one
hand, COMA machines have additional levels of caching, which reduce the average memory
latency tor large working sets that can be conrained in the attraction memories. On the other
hand, misses in the attraction memorics are more expensive to service than processor cache
misses in a NUMA machine, so if there is a lot of communication (which leads to attraction
memory misses), the COMA machine sees larger memory latencies. Table 3-1 summarizes
the comparison, which was inspired by the analysis presented by Singh et al. {SJG+93].

For each architecture we show the performance in four regimes of application behavior.
The four regimes are characterized by the combinations of working set size (small or large)
and communication-to-computation ratio (low or high). If the working set is small and the
communication-to-computation ratio is low, both architectures do well because most refer-
ences are satisfied out of the processor caches. If working sets and communication are large,
both architectures do poorly: NUMA because of the poor cache performance, and COMA
because of the high attraction memory miss latencies. If the working set is large and com-
munication 1s low, then COMA does well because of the large attraction memories. In this
regime, NUMA does medium well, unless the data can be placed locally with each processor,
in which case NUMA does as well as COMA. In COMA architectures, data placement is
achieved in hardware at a cache line granularity. For NUMA architectures, data placement
can be attempted in software at a page granularity, which is successful for some applications,
but not for all. Finally, if the working sets are small, but the communication-to-computation
ratios are high, the caches of neither architecture help much. However, NUMA performs
better due to the lower communication latencies.

Thus, there are different regimes of application behavior that favor either the NUMA or
COMA architecture, and there is no obvious answer as to which architecture is better. It is
clear, however, that COMA architectures are more expensive. In addition, COMA is rela-
tively new, and there have been several proposals on how the overhead and complexity of the
basic COMA architecture can be reduced [SJ(G92, HISL.94]. This area of research is both

active and interesting.




3.2 Memory Latency Reduction %5 93

TABLE 3-1

Performance of NUMA and COMA Architectures

NUMA COMA
COMMUNICATION-TO-
COMPUTATION RATIO SMALL LARGE SMALL LARGE
WORKING SET WORKING SET WORKING SET WORKING SET
Low Good Medium Good Good
High Medium Poor Poor Poor

3.2.3 Direct Interconnect Networks
Direct and indirect networks were introduced in Chapter 1. Here we look at them again in
the context of latency reduction. A direct interconnect network [AtS88] is a switching network
in which processing and memory nodes are allocated at the switch points. Indirect networks
put the nodes at only the inputs and outputs of the network. Direct networks reduce latency
because an average request only traverses a small number of the network switch points to
reach its destination; in an indirect network every request must travel across the entire net-
work. The disadvantage of a direct network is that distributing the network across the nodes
makes the switch physically bigger, potentially slowing down the network. Furthermore, if
the direct network is implemented as part of the individual nodes, it becomes difficult to
-hange the network characteristics (e.g., additional dimensions in a mesh) as the system
ITOWS.

Direct networks can also be viewed as another level of NUMA, which can be exploited
' software by allocating memory and processors that must communicate near to one
another. This arrangement also permits the direct network to have increased aggregate
bandwidth when communication is primarily with neighboring nodes. In many physical
problems and their corresponding computational models, much of the interprocessor com-
munication is between neighboring nodes, and a direct network can be very useful in
decreasing latency and increasing bandwidth. In actual machines, both direct and indirect
networks have been used. The MIT Alewife, Intel Paragon, Stanford DASH, and Cray
3D all use direct networks; the IBM RP3, the CM-5, and the University of [llinois Cedar

machine use indirect networks.

3.2.4 Hierarchical Access

Stnce much interprocessor communication and data sharing is restricted to a subset of the
processors, a hierarchical search can reduce memory latency if the locality of data sharing
matches the structure of the hierarchy. Such a hierarchical search typically employs an inter-
connection network that maintains information about the outstanding requests or caching
state of neighboring processors. A hierarchical search can reduce latency for both locally
shared and widely shared data items. For local communication, searching the nearby caches
retrieves data directly from the writing processor and avoids accessing a remote memory. For
widely shared items, interaction between the local processors occurs indirectly when the




