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Abstract 

A key goal of the Stanford FLASH project is to explore the 
integration of multiple communication protocols in a sin- 
gle multiprocessor architecture. To achieve this goal, 
FLASH includes a programmable node controller called 
MAGIC, which contains an embedded protocol processor 
capable of implementing multiple protocols. In this paper 
we present a specialized protocol for block data transfer 
integrated with a conventional cache coherence protocol. 
Block transfer forms the basis for message passing imple- 
mentations on top of shared memory, occurs in important 
workloads such as databases, and is frequently used by the 
operating system. We discuss the issues that arise in 
designing a fully integrated protocol and its interactions 
with cache coherence. Using microbenchmarks, MPI com- 
munication primitives, and an application running on the 
operating system, we compare our protocol with standard 
bcopy and bcopy augmented with prefetches. Our results 
show that integrated block transfer can accelerate commu- 
nication between nodes while off-loading the task from the 
main processor; utilizing the network more eficiently, and 
reducing the associated cache pollution. Given the aggres- 
sive support for prefetching in FLASH, prefetched bcopy is 
able to achieve competitive performance in many cases but 
lacks the other three advantages of our protocol. 

1 Introduction 

The Stanford FLASH Multiprocessor has been designed 
to support multiple data communication protocols by pro- 
viding each node with a programmable protocol processor 
in its node controller. This paper explores the design and 
performance of an integrated cache coherence and block 
data transfer protocol using the hardware in FLASH. Off- 
loading block transfer operations to the node's controller 
can result in three main benefits: (i) reduction in the time 
taken for the transfer, since the controller is closer to the 
main memory and can access it more efficiently; (ii) reduc- 
tion in the pollution introduced in the processors' caches; 
and (iii) overlap between computation done by the main 
processor and the block transfer done by the controller. 

Accelerating block transfer is important because large 
data transfers are common in many classes of applications. 
For example, commercial applications such as databases 
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move large chunks of data between the processors' 
memories [RBH+95]. In fact, the operating system itself 
may spend a significant fraction of its time doing memory 
transfer [CHR+95]. For these applications, a block transfer 
protocol must provide full support for virtual memory and 
full integration with cache coherent shared memory. While 
block transfer protocols have been proposed for shared 
memory machines [ABC+95, Cray931, the lack of virtual 
memory support and restrictions on caching of data make 
these protocols unsuitable for broad use within a shared 
memory operating system. 

Our previous work in this area described techniques to 
enable efficient, protected integration of block transfer 
with virtual memory [HGD+94]. In this paper, we address 
the additional issues which arise from fully integrating the 
protocol with shared memory. Specifically, integration with 
shared memory requires the protocol to support all caching 
cases that may be encountered for block transfer data, such 
as lines residing in remote processor caches. This integra- 
tion allows us to export a general interface to the system, 
essentially a drop-in replacement for the standard bcopy 
call. 

Whilc previous studics have focused on evaluating the 
benefits of block transfer in the context of isolated scien- 
tific applications [WSH94], our study uses workloads that 
include operating system effects. This is made possible by 
new simulation technology capable of simulating applica- 
tions as well as the complete operating system [RHW+95]. 
We first present an analysis of the protocol in isolation, 
exploring in detail the factors which limit transfer perfor- 
mance. We then examine the performance of Message 
Passing Interface (MPI) communication primitives 
[MPI93] using our protocol to perform the data movement 
for application messages. Finally we study a UNIX appli- 
cation in which the operating system kernel uses the proto- 
col to accelerate block transfers. 

In our experiments we compare the performance of our 
accelerated version of bcopy with the standard UNIX 
implementation based on processor loads and stores. We 
also compare our protocol with processor bcopy aug- 
mented with prefetches. We explore a variety of differ- 
ences between processor-based techniques and our imple- 
mentation of block transfer on the node controller. 

The paper is organized as follows: Section 2 provides an 
overview of FLASH and its programmable node controller. 
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Section 3 describes the coherent block transfer primitive 
and its interface to user-level applications and the operat- 
ing system. Section 4 describes the detailed protocol, 
focusing on support for integration with shared memory, as 
well as the various trade-offs and complexities in the 
design. Section 5 describes our experimental environment 
and the performance of our protocol at a low level. Section 
6 presents performance results for various benchmarks. 
Section 7 presents related work and discussion, and we 
conclude in Section 8. 

2 FLASH Overview 

FLASH [ KOH+94] (FLexible Architecture for SHared 
memory) is a cache coherent shared memory multiproces- 
sor currently under development at Stanford University. It 
consists of a large array of processing nodes connected by 
a high-bandwidth, low-latency network. Each node con- 
tains a single MIPS RlOOOO processor [SGI95], its associ- 
ated caches, a portion of the machine's distributed shared 
memory, a network port, a PCI U0 interface, and a custom 
node controller called MAGIC (Memory And General In- 
terconnect Controller). MAGIC includes a programmable 
protocol processor (PP) optimized for executing protocol 
operations, and dedicated data paths that tightly connect 
the various components on the node. 

FLASH accomplishes protocol communication by send- 
ing low-level network messages between nodes. Messages 
may arrive at MAGIC from different external sources: the 
processor, the network, and the YO subsystems. Addition- 
ally, there is an internal source of messages, the software 
queue, which represents a list of protocol tasks that have 
been delayed by MAGIC under software control. The soft- 
ware queue is used extensively in our block data transfer 
protocol. 

When a message arrives at the MAGIC chip, the appro- 
priate software protocol code, called a handlel; is invoked 
on the PP. The handler decides what actions to take based 
on the headers of the message and protocol state, which is 
stored in a portion of main memory. MAGIC contains its 
own protocol instruction and data caches to improve han- 
dler performance. Cache line-sized (128 byte) data buffers 
are used to stage data through MAGIC in a pipelined fash- 
ion, allowing MAGIC to overlap the control processing 
and the data transfer associated with servicing a message. 
The parallel handling of data and control plays an impor- 
tant role in efficient protocol processing. 

3 Coherent Block Transfer 

A fast block transfer primitive can be important for both 
operating systems and applications that exhibit large data 
movement. In addition, it can serve as a building block for 
message passing protocols such as the Message Passing 
Interface (MPI) standard. Integrating this protocol with 
cache coherent shared memory is critical to enable applica- 
tions to seamlessly utilize block transfer in shared memory 
programs. Our application programming interface for 

block data transfer is a natural one for this environment-it 
is an accelerated version of the well-known bcopy call: 
void fbcopy(char* source, char* dest, 

int length, uint64* flag); 
Fbcopy copies the memory specified by the source parame- 
ter (called the source buffer) to the address specified by the 
destination parameter (called the destination buffer). 
Length specifies the number of data bytes to transfer. A 
completion flag is also supplied, which is updated by 
MAGIC when the transfer is complete. This allows the 
main processor to perform other calculations if desired, 
then later testthe flag for completion. 

Although the programming interface for the block trans- 
fer is simple, an efficient implementation of this interface 
is nontrivial. First, shared memory allows the source and 
destination buffers to be cached in any node of the system. 
For the source buffer this means that the current value of 
the data might be in another node's cache; when the trans- 
fer is carried out the protocol must retrieve the data from 
that node: Similarly, nodes caching the destination buffer 
must be notified when the block transfer modifies the 
buffer so they can invalidate their old copies. 

In addition, the source and the destination buffers may 
span multiple virtual memory pages, resulting in non-con- 
tiguous physical pages. Furthermore, the physical pages 
may be scattered across different nodes of the machine for 
many reasons: process and page migration for load balanc- 
ing, sharing of data among cooperating processes running 
on different nodes, and operating systems which can allo- 
cate pages on remote nodes [CRD+95]. As a result, it is 
quite possible in practice for the node requesting the trans- 
fer, called the initiator, to be distinct from the home nodes 
of the source buffer pages. We refer to this issue as remote 
home support. The added complexity for handling this case 
arises because coherent operations on a line must consult 
its directory state (located at its home node). 

4 Accelerated Block lkansfer Implementation 

This section describes the basic implementation issues 
for the accelerated block transfer protocol. Sections 4.1- 
4.3 present the fundamentals of how we initiate and per- 
form block transfers while maintaining coherence of the 
transfer data. Section 4.4 describes how the protocol han- 
dles scenarios in which the source node is different from 
the initiator node. Section 4.5 presents other details which 
arise in the design of the protocol. 

4.1 Initiation 

Programmers invoke fbcopy using the library call 
defined in Section 3, which describes the transfer to the 
MAGIC chip. The initiation sequence is similar to commu- 
nicating with MAGIC as a memory-mapped device. Initia- 
tion consists of a series of uncached writes indicating the 
command type and its arguments, followed by an uncached 
read'that allows MAGIC to inform the processor whether 
the sequence was accepted. An fbcopy call transferring one 
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page requires four uncached writes to MAGIC. These 
writes contain the length of the transfer and the physical 
addresses of the source buffer, destination buffer, and com- 
pletion flag. Longer transfers require more writes for the 
additional pages involved. 

The way physical addresses are described to MAGIC 
depends on whether the message is initiated by the user or 
the kernel. For operating system fbcopy requests, the phys- 
ical addresses can be computed and passed directly to 
MAGIC. For initiation from user level, where only virtual 
addresses are known, the operating system establishes an 
uncached shadow mapping of the address space. Shadow 
mapping addresses are translated the same as normal ones, 
but carry special attributes indicating to MAGIC that the 
address is part of the initiation sequence. We use this map- 
ping to communicate authentic physical addresses without 
system calls. In [HGD+94] we describe in detail this initia- 
tion sequence as well as several techniques for interacting 
with virtual memory in a protected manner. 

4.2 Block Transfer Fundamentals 

The block transfer begins after the initiation sequence is 
accepted by MAGIC. The transfer handler at the source 
node sends the data to the destination node in a series of 
cache line-sized messages. For each message, the PP loads 
a line from the source buffer into a MAGIC data buffer, 
adds header information, and sends it into the network. 
MAGIC labels each line with its destination address, which 
is provided during initiation. At the destination node, each 
message invokes a handler to store the accompanying data 
and maintain a count of lines received. 

Transferring data as a series of cache line-sized mes- 
sages instead of a single large message has several key 
advantages in FLASH: (i) it allows the service of other 
cache coherence and block transfer operations to be inter- 
leaved with a block transfer; (ii) MAGIC is optimized for 
the transfer of cache lines; (iii) it leverages the deadlock 
avoidance mechanisms provided by MAGIC; and (iv) the 
chances of contention within the network are reduced. Fur- 
thermore, the long cache lines in FLASH (128 bytes) 
amortize the network and processing overheads of dealing 
with a single cache line at a time. 

Each invocation of the transfer handler sends several 
messages, updates the transfer state, and reschedules itself 
on the software queue to continue the transfer. Sending 
multiple lines in each invocation, an optimization we refer 
to as chunking, amortizes the overhead of starting the 
transfer handler and saving and restoring the transfer 
state [HGD+94]. For a 4 KB transfer, sending four lines in 
each handler invocation improves transfer performance 
2540% over sending a single line with each handler. 

4.3 Cache Coherence for Block Transfer Data 

Providing efficient and transparent cache coherence is a 
key aspect of making primitives such as accelerated block 
transfer easy to use in a shared memory environment. 

Since the source and destination data may be cached any- 
where in the system, the block transfer protocol must 
incorporate a subset of the cache coherence protocol to 
efficiently obtain the latest data and maintain coherence of 
the source and destination buffers. This section describes 
the mechanisms used to achieve this functionality and 
details the performance trade-offs for various implementa- 
tion alternatives. The description assumes that the data 
transfer occurs directly from the home node of the source 
buffer to the home node of the destination buffer; 
Section 4.4 describes the general case. 

Coherence for Source Buffer Data 
There are three cases to consider for coherence of the 

source buffer: the data is clean, the data is dirty in the local 
processor’s cache, or the data is dirty at a remote node. We 
distinguish between the first two cases because the FLASH 
design requires the protocol to explicitly request a dirty 
line from the local processor, in contrast to snoopy bus- 
based designs where the same request checks both the 
memory and the processors’ caches. 

If the source node has a valid copy of the data, it can be 
retrieved from the cache or memory by the transfer handler 
and sent to the destination node. However, when the data is 
dirty at a remote node, the task of retrieving the valid data 
requires remote communication. The simplest solution is to 
pause the transfer, retrieve the line from the remote node, 
send it to the destination, and then proceed with the trans- 
fer. However, this approach fails to exploit any parallelism 
in retrieving the data for multiple lines. 

A more efficient solution is to accomplish the transfer in 
two distinct phases, one that collects the dirty data of the 
source buffer from remote nodes and one that sends the 
data to the destination [KA93]. This collect-and-send tech- 
nique allows the collect phase to retrieve multiple lines 
simultaneously. For a machine such as FLASH that per- 
forms transfers a cache line at a time, it is also possible to 
pipeline the collect and send phases instead of keeping the 
phases distinct. When the transfer handler detects that a 
line is dirty on a remote node, it requests the line and pro- 
ceeds with the transfer. The response eventually arrives 
back at the source node and triggers a handler that sends 
the line to the destination and writes the data back to mem- 
ory. We refer to this as pipelined collect-and-send. 

An alternative to the pipelined collect-and-send 
approach is to forward the data directly from the dirty 
remote node to the destination node (similar in philosophy 
to the optimization in DASH for the three-hop dirty remote 
case [LLG+90]). We refer to this as the forwarding 
approach. The request from the source node to the dirty 
remote node carries a single word of data that specifies the 
destination address. The dirty node forwards the data to the 
destination node and sends a writeback to the source node. 
Figure 4.1 illustrates these two alternatives. 

Compared to pipelined collect-and-send, forwarding 
reduces protocol overhead since the source node can per- 
form an ordinary writeback without remapping the mes- 
sage for sending to the destination node. On the other hand, 
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FIGURE 4.1. Source side coherence alternatives. 
In both cases the source node (Src) sends fbcopy 
Get messages (FGet) to fetch dirty cache lines 
from dirty remote nodes (D). 

there may be higher occupancy at the network interface for 
the dirty node since forwarding leads to two outgoing mes- 
sages (the writeback to the source node plus the forwarded 
message to the destination node), compared to just one 
message for the collect-and-send case. Therefore, the 
choice between the two approaches depends on the relative 
speeds of the network and the protocol processor. As we 
will see in Section 5.2, the forwarding approach is superior 
for network bandwidths of 400MB/s per link or greater 
(assuming a 100 MHz PP). 

Coherence for Destination Buffer Data 
The destination node must coherently modify the data in 

the destination buffer, which requires invalidating all stale 
copies of the data. Rather than first retrieving the line from 
remote nodes as was done in source buffer coherence, the 
handler that receives the line can simply write it into the 
destination buffer in memory and then eliminate any copies 
in processor caches. Figure 4.2 shows the actions of the 
protocol. If there are any clean copies of the line, the han- 
dler sends an invalidation request to each copy. 

Handling the coherence for a dirty line is a bit more sub- 
tle. Normally, in a cache coherent machine data is never 
modified by any node except the one that currently has 
exclusive ownership of the line. Since our protocol writes 
the contents of the entire destination buffer line at its home, 
we can violate this assumption to improve the performance 
of our protocol by writing the line without acquiring own- 
ership in advance. We then send a special flavor of dirty 
invalidation to the remote node, telling its cache to discard 
its dirty copy of the line without writing it back. However, 
there is a possible race between the arrival of the invalida- 
tion message and a writeback of the line from the remote 
cache. If a writeback occurs before the invalidation arrives, 
the writeback will squash the block transfer data that has 
been written to memory.' To detect this race, the invalida- 
tion message checks the response from the remote cache. If 

1. A similar race can occur even if the data is cached at the same node. 
This occurs because, as an optimization, the writeback never checks the 
directory state before writing memory, since only one exclusive copy 
should ever exist in the system and only an exclusive copy can generate a 
writeback. Since this race is infrequent, it is more efficient to check for the 
race condition than to make the writeback handler more conservative. 

FIGURE 4.2. (Left) Destination side coherence. 
The destination node (Dest) sends invalidations to 
nodes that have a destination line cached dirty (D) 
or shared (S) .  
FIGURE 4.3. (Right) Complete fbcopy protocol. 
Transfers initiated at a node other than the home 
of the source buffer are delegated to that node. 
The actions inside the dashed box are present even 
when remote initiation is not required. 

the line has already been written back, a special negative 
acknowledgment message is sent back to the destination 
node, triggering a retry of the line from the source. 

4.4 Support for Remote Homes 

So far we have assumed that the transfer is carried out 
by the initiator node. However, as described in Section 3, 
the initiator node may be distinct from the home nodes of 
the source buffer pages. Since the cache coherence proto- 
col must consult the directory state to determine the appro- 
priate coherence action, the initiator must communicate 
with the home for each line of the transfer. The nahe 
approach of requesting each line individually leads to 
increased traffic in the network and prevents the home 
node from leveraging the chunking optimization to 
increase performance. In addition, this implementation is 
substantially more complicated, since it introduces many 
more special cases and race conditions. 

A more efficient approach is to delegate the transfer to 
the home node and have it carry out the transfer on the ini- 
tiator's behalf. After delegating the transfer to the home 
node, the protocol behaves exactly as if the block transfer 
were initiated there. The only difference is that a comple- 
tion signal is sent from the home node back to the initiator 
node when the transfer is complete. Even though there is 
an overhead of approximately 2.5 ps to delegate the trans- 
fer from the initiator node to the home node, this approach 
leads to better overall performance for transfers longer 
than a few lines. Figure 4.3 illustrates a remote home sce- 
nario, showing how it can be achieved without significant 
additional complexity. 

4.5 Implementation Details 

Race Conditions: Since the processors continue to issue 
requests while the transfer occurs, cache coherence events 
may affect lines involved in the transfer. The case where 
the writeback of a dirty line overwrites the transfer data 
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(described in Section 4.3) is a prime example. We imple- 
ment an cfficient retry mechanism to keep track of lines 
which experience problems during transfer. MAGIC uses 
this mechanism to regenerate requests for these lines. 

Deadlock: The block transfer protocol leverages deadlock 
avoidance mechanisms already present in FLASH for 
cache coherence. For example, deadlock could occur if 
outgoing network queues were allowed to fill and the pro- 
tocol processor blocked waiting for them to empty. The 
chunked transfer handler could cause such a scenario, but 
by monitoring the available space in outgoing queues it 
prevents deadlock from occurring. The cache coherence 
protocol has similar potential deadlock cases (such as the 
handler which sends invalidations for widely shared lines) 
but prevents deadlocks in the same manner. These issues 
are covered in more detail in [KOH+94]. 

Copies within a node: Our goal in providing block trans- 
fer is to accelerate copies between two nodes, so we do not 
provide support for copies in which both buffers reside on 
the same node. Since local memory access is highly opti- 
mized, our experience suggests that the processor is more 
appropriate for these intranode copies. During transfer ini- 
tiation, the protocol processor checks the pages involved in 
the transfer to see if they are located on the same node. If 
so, initiation returns a result code indicating that the pro- 
cessor should perform the copy. By encapsulating this 
functionality in the fbcopy library call, the user can simply 
invoke fbcopy without regard for page placement. 

Protocol code size: The total amount of handler code 
added for the fbcopy protocol is about 19 KB. In contrast, 
the base cache coherence protocol in FLASH is about 
44 KB. Although the block transfer protocol code is only 
about 40% of the cache coherence protocol in size, it is 
much larger than we had initially expected. Intuitively, 
since the fbcopy protocol also provides cache coherence, it 
may seem that many cache coherence handlers can be 
leveraged for fbcopy as well. Unfortunately, in many cases 
these handlers take almost the right action needed by 
fbcopy, but not exactly the right action, We had the option 
of making these handlers more general (fostering direct 
code sharing), but that would have slowed them down. We 
did not consider slowing down the common case for cache 
coherence to be an acceptable option. 

5 Low-Level Performance Analysis 

5.1 Simulation Environment 

The simulation environment used in this study provides 
a complete model of the FLASH system, allowing us to 
accurately study its performance running a variety of 
workloads. We use the FlashLite memory system simulator 
which models the performance of MAGIC in detail. We 
simulate the MAGIC chip running at its target frequency of 
100 MHz (in our discussion, cycles refer to 10 ns MAGIC 
cycles). The network is assumed to have a link bandwidth 
of 400 MB/s; header overhead leaves 320 MB/s of useful 
bandwidth. Simulation of the main processors and I/O sys- 
tem is provided by the SimOS environment [RHW+95]. 

The accelerated block transfer protocol and the base 
cache coherence protocol are specified in C and compiled 
to PP instructions. The results presented in this paper are 
based on a cycle-accurate emulation of the actual protocol 
code. Even though the automatically generated code is 
fairly efficient, higher performance can be achieved by 
hand tuning the compiled code-we address this issue in 
Section 6. 

5.2 Transfer Bottlenecks 

The performance of the block transfer protocol is deter- 
mined by one of three possible bottlenecks: source side 
processing, destination side processing, or network band- 
width. To illustrate these factors concretely, Figures 5.1 
and 5.2 show timelines of the handler occupancies for 
block transfers in two different caching scenarios. The 
results are from the simulation of a 4 KB transfer initiated 
at the source node, using the forwarding protocol and a 
maximum chunk size of 4. We have divided the handlers 
into four categories: (i) those that handle initiation, retry, 
and completion flag update (labeled Init/Retry/Flag); 
(ii) those that send and receive the data messages (Trans- 
fer); (iii) those that handle coherence for remotely cached 
copies (Coherence); and (iv) those that process corner case 
negative acknowledgments (Nak). We use thin vertical 
lines to indicate the end of each handler and show the dura- 
tion in cycles for handlers that last for more than 100 
cycles. 

Figure 5.1 shows a transfer in which both source and 
destination buffers are uncached. The initiation phase con- 
sists of four uncached writes followed by an uncached 
read. The time line shows the initiation phase on the source 
node followed by the communication of the “envelope” to 
the destination, lasting about 3.5 ps. Once the destination 

In this section we consider the performance of the 
ficopy protoco~ at a low level. we begin by describing the 
simulation environment used in our experiments. we then 
provide a detailed analysis of the block transfer protocol to 
illustrate the various factors that determine the overall per- 
formance of this protocol on FLASH. 

node replies, the Source node repeatedly invokes the 
chunked transfer handler, each time sending 4 lines (thus 8 
invocations are needed to send the entire 4 KB). The desti- 
nation receives each line individually, acknowledging the 
source when the transfer is Complete. The total time for the 
transaction is about 24 ps, with the actual transfer occupy- 
ing about 16 ps. This corresponds to peak transfer band- 
width of about 276 MB/s (out of the 320 MB/s supported 
by the network) and an average bandwidth (including initi- 
ation and completion overheads) of 170MBIs. Note the 
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FIGURE 5.1. Time line of a two-node block trans- 
fer; buffers are uncached. The axis reads time in 
microseconds. Other numbers reflect long handler 
durations in MAGIC cycles. 

Dest 

Ditty ... 
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FIGURE 5.2. Time line of a block transfer with 
the source buffer dirty on a remote node. Queue 
limitations cause negative acknowledgments forc- 
ing three lines to be retried. 

gaps between invocations of the destination handler due to 
the faster processing of lines at the destination. 

The time line in Figure 5.2 shows a transfer using the 
forwarding protocol described in Section 4.3 in which the 
source buffer is cached dirty at a remote node and the desti- 
nation buffer is uncached. For each line, the transfer han- 
dler sends a request to the dirty node to forward the line 
directly to the destination. The dirty node also sends a 
writeback to the source node (visible as the short handlers 
on the source). The network is the bottleneck in this case: 
the dirty node's protocol processor sends messages faster 
(two messages every 62 cycles) than the network can 
absorb them (one message every 40 cycles). This causes 
the outgoing network queue to fill three times during the 
transfer. Each time, the handler detects the full outgoing 
queue and sends a NAK to the sender (visible on the dirty 
node in Figure 5.2 as the three short handlers between 23- 
25 ps). MAGIC retries these requests successfully 
(between 26-30 ps on the dirty node). 

As discussed in Section 4.3, the decision to use for- 
warding instead of pipelined collect-and-send (PC&S) 
depends on the relative cost of protocol processing and net- 
work bandwidth. Figure 5.3 shows the simulation results 
for these two alternatives in FLASH, varying only the net- 
work bandwidth and source caching state. For a slow net- 
work, the network overhead of the extra messages in the 
forwarding approach is greater than the protocol process- 
ing overhead incurred by PC&S. At higher bandwidth, 
these extra messages become less expensive and forward- 
ing becomes more efficient. In this simulation, the cross- 
over point is between 200 and 400 MB/s. Since we model a 
400 MBIs network, we use the forwarding approach. 

105- 

- - PC&s/Dirty Remote 
- - PC&sIDirty Local 
- - PCLSNncached 
-m- FwdlDirty Remote 
-+- FwdlDirty Local 
-e- FwcVUncached 

35 - 
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0 100 200 300 400 500 600 700 800 
Network Bandwidth 

FIGURE 5.3. Forwarding (Fwd) vs. pipelined col- 
lect-and-send (PC&S) for different source caching 
states. 
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FIGURE 5.4. Fbcopy transfer source, destination, 
and network bottlenecks. Buffer caching states: 
uncached (U); cached (C); dirty (D); dirty remote 
(DR); clean with 1-3 sharers (Sl-3). 

So far we have discussed two specific caching scenarios 
for source and destination side buffers. Figure 5.4 shows 
the performance for other possible situations. This figure 
indicates whether the performance limit in each case is net- 
work throughput, source side handlers, or destination side 
handlers. As an example, 46 cycles for the uncachedklean 
case on the source side corresponds to one fourth of the 
chunked handler occupancy of 184 cycles (shown in 
Figure 5.1). For a given caching state, the peak transfer 
rate is limited by the slowest of these three components. 
For the destination side, the coherence portion of the bar 
shows the time to handle invalidation acknowledgments 
from remote copies. One interesting effect is the sudden 
jump in destination node transfer handler cost for two or 

23 

Authorized licensed use limited to: Carnegie Mellon University Libraries. Downloaded on December 12,2023 at 22:30:57 UTC from IEEE Xplore.  Restrictions apply. 

Samsung Ex. 1019 



more remote sharers (between the S1 and S2 bars in 
Figure5.4). This is an artifact of our cache coherence 
directory format, which stores the first sharer in the main 
entry but places subsequent sharers on a linked list. The 
remote sharer cases are also impacted by the increasing 
coherence overhead of 22 cycles per invalidation acknowl- 
edgment. 

6 Benchmarks and Performance Comparison 

In this section we extend the results in the previous sec- 
tion by studying the accelerated block transfer protocol in 
the context of microbenchmarks and applications. In these 
simulations we compare fbcopy with processor copy-we 
consider both regular bcopy and bcopy augmented with 
prefetch instructions [MG91]. Prefetched’ bcopy can be 
very effective in FLASH due to its low latency network 
and highly optimized memory system, including a proces- 
sor with an aggressive prefetching implementation. 
FLASH also contains long 128 byte cache lines, which can 
achieve many of the benefits of block transfer [WSH94]. 

In the first section, we study the block transfer imple- 
mentations without operating system effects. In subsequent 
sections we show experiments using the I R K  Version 5.3 
operating system from Silicon Graphics, Inc., which we 
modified to use the accelerated block transfer protocol. 

6.1 Microbenchmark Analysis 

We first compare the performance of fbcopy against the 
other transfer primitives by simulating the transfer of a 
4 KB page between two nodes. As described in the previ- 
ous section (and as shown in Figure 5.4) the performance 
of coherent block transfer depends on the caching state of 
the involved lines; we focus on several cases which tend to 
be more common in applications using block transfer. For 
simplicity, we assume all the lines of a particular buffer are 
in the same caching state. 

There is an additional caching effect which impacts pro- 
cessor copy since it must bring the buffers into the cache. If 
this causes spills-which is likely-writebacks or replace- 
ment hints are generated, which may increase the latency 
of the block transfer operation. To model this effect, we 
first warm the caches with an equal mix of clean and dirty 
lines then cache the transfer buffers as appropriate for the 
experiment. Since fbcopy does not bring the buffers into 
the processor cache, it is immune to this effect. 

Normal Protocol Processing 
Table 6.1 shows the time required by the source node to 

perform the transfer in the scenarios described above. 
Fbcopy significantly outperforms standard bcopy, execut- 
ing the transfers more than twice as fast in most cases. 
Bcopy incurs expensive cache misses to copy the data, 
which poorly utilize the processor during the transfer. 
Prefetched bcopy largely avoids the miss penalties of 
bcopy by acquiring the lines in advance of their use. This 
technique is quite effective in improving transfer perfor- 

I Source Destination caching state I caching NormalPP I 

TABLE 6.1. Latencv in microseconds of a 4KB 
transfer for bcopy (B), prefetched bcopy (P) and 
fbcopy (F). Caching states: uncached (U), shared 
locdremote (L/R), dirty locdremote (DLDR). 

mance, so much so that in some cases prefetched bcopy 
finishes the transfer faster than fbcopy. 

However, prefetching ties up the processor for the entire 
duration of the transfer in order to achieve this perfor- 
mance, rendering it unable to perform other work. By dele- 
gating the block transfer to MAGIC, fbcopy frees the 
processor to continue working while the transfer proceeds. 

Fbcopy also uses the network more efficiently. Proces- 
sor copy fetches the entire destination buffer even though it 
will immediately be overwritten. In contrast, since fbcopy 
does not acquire ownership of the destination buffer at the 
source, these lines never cross the network. Instead, 
because fbcopy communicates directly between memory 
systems, network traffic is only incurred for the data actu- 
ally being transferred. The rightmost column of Table 6.1 
shows the total traffic caused by the different implementa- 
tions for a 4 KE3 transfer. 

Consumption of Transfer Data 
Though transfer time is important, the performance of 

block transfer is not based solely on that factor. It may also 
include the time needed to “consume” the transfer data at 
the destination node. To quantify this effect, we read the 
values in the buffer at the destination node. 

In processor copy, the destination buffer ends up in the 
source node’s cache. When the buffer is consumed, the 
destination node experiences dirty remote cache misses. 
Reading the buffer in this case takes 70 ps. Because fbcopy 
deposits the data in the memory of the destination node, 
only local misses are taken. As a result, the consumption 
phase after fbcopy lasts only 20 ps. Furthermore, in pro- 
cessor copy the data involved in the transfer may replace 
unrelated lines still in use by the processor. This effect is 
particularly significant in the primary cache, which can be 
completely filled by a mild-sized block transfer. The 
impact of this cache pollution is application dependent, 
based on the amount of subsequent reuse of the replaced 
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735 including one designed for shared memory multiprocessors 
such as the SGI Challenge. This code runs without modifi- 
cations in the SimOS simulation environment. 9 

Normal Protocol Processing 
Faster Protocol Processing 

In the shared memory implementation of MPICH, 
bcopy is used to perform the data transfer of large mes- 
sages (2 KB or greater). MPICH uses IRIX’s support for : -- 400 E 

E F 300 

Y 

Y 

al 

-a 
C 

8 200 

100 
E 

0 
B P F  B P F  B P F  B P F  

4 KB 8 KB 16KB 32 KB 
FIGURE 6.1. MPI transfer performance for a 
range of message sizes and transfer techniques. 

lines. As an indication of the potential cost, it takes approx- 
imately 32 ps to refill the 8 KB of data displaced during a 
4 KB processor copy (longer if the memory is remote). 

Faster Protocol Processing 
We also considered the effect of faster protocol process- 

ing to determine if the performance of fbcopy is fundamen- 
tal to the architecture. We altered our simulator to execute 
protocol code twice as fast, allowing us to quantify the 
potential for increased performance due to protocol code 
optimizations or a more aggressive protocol processor 
implementation. 

The results are shown in the middle of Table 6.1. They 
show mild gains in most cases for processor copy, but more 
significant gains for fbcopy. This can be explained by look- 
ing at the performance limits imposed by the different 
resources in the system. With faster protocol processing, 
cache misses are serviced more rapidly, which improves 
the performance of processor copy. However, in the base 
coherence protocol in FLASH, the PP is only a few cycles 
slower than the memory system in the common miss han- 
dlers so these gains are small [HK0+94, KOH’941. 
%copy, in contrast, generally performs more protocol pro- 
cessing per line. As a result, there is more potential for 
gains from faster processing. While processor copy sees 
only 4-12% benefit from faster protocol processing, 
fbcopy gains between 10-36% in these benchmarks. 

6.2 Message Passing Interface 

To study the performance of block transfer operations in 
a more realistic context, we examine message passing 
primitives from the Message Passing Interface (MPI) 
standard [MPI93]. We use version 1.0.11 of MPICH from 
Argonne National Laboratory [GL]. MPICH supports sev- 
eral different underlying physical transport mechanisms, 

allocating a shared memory region between processes, 
while the rest of the application address spaces are private, 
consistent with the distributed memory model of MPI. To 
send a message, the sender first copies the message data 
from its private memory into the shared buffer. The 
receiver then copies the data from the buffer into its private 
memory. We augmented the base implementation to utilize 
fbcopy or prefetched bcopy instead of the standard bcopy. 

We implemented a basic two-node application using 
standard MPI send and receive primitives in which data is 
communicated in a producer-consumer relationship. 
Figure 6.1 shows that for both normal and faster protocol 
processing, fbcopy outperforms both normal and pre- 
fetched processor copy over a range of message sizes. The 
gains from fbcopy increase with message size, due largely 
to the amortization of fbcopy start-up overhead. 

The flexibility of the protocol processor in MAGIC 
enables an additional option not possible in processor copy. 
Since the MPI send and receive routines execute at user 
level, maintaining private address spaces requires two cop- 
ies using the shared buffer as described above. We could 
avoid this limitation by implementing buffer management 
functionality in MAGIC, allowing the receiver to “post” its 
buffer to the sender in a protected fashion. With the aid of 
this support, the sender could use fbcopy to transfer its 
message directly from the sender’s memory to the 
receiver’s memory, avoiding the temporary buffer entirely. 
This technique has the potential to perform better than all 
two-copy implementations. 

6.3 GNU tar Application 

Since our protocol is fully integrated with cache coher- 
ence we can use it to accelerate block transfer in shared 
memory applications as well. In fact, one of the biggest 
users of block transfer is the operating system itself. There 
are several kernel tasks that are primarily concerned with 
the movement of block data, such as uiomove which is 
used to move I/O data between user and kernel space. In 
this section, we focus on accelerating uiomove through the 
use of fbcopy or prefetched bcopy. Modifying the IRIX 
kernel was straightforward since fbcopy and prefetched 
bcopy are essentially drop-in replacements for bcopy. We 
study the impact of this acceleration on the GNU tar appli- 
cation performing a conventional directory copy: 

cd $OLD; tar cBf - . I (cd $NEW; tar xBf - )  
We simulate three nodes, two executing the tar com- 

mands and the third modeling the buffer cache in memory 
(we assume the buffer cache contains the files involved in 
the transfer). The first tar process reads data from the 
buffer cache through a read system call, which uses 
uiomove to copy the buffer cache data into the tar pro- 
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I Normal PP I Faster PP I 

Speedup(vs. bcopy) 

% of Execution time 
Block Transfer: 

Overall: 
ExecutionTime(ms) 215 180 188 202 167 160 

1.00 1.19 1.14 1.00 1.21 1.26 

30% 22% 27% 29% 20% 21% 
CPUOccupancy(ms)l 65 I 39 I 13 I 59 I 34 I 12 

TABLE 6.2. Simulation results for GNU tar. 

cess's user address space. The tar process sends the data 
into the pipe buffer (in 10 KB chunks) using a write sys- 
tem call. The kernel again uses uiomove, this time to bring 
the data from user space into kernel space. Similar actions 
occur on behalf of the second tar process. 

We show the results from the tar application in 
Table 6.2. Both prefetched bcopy and fbcopy show speed- 
ups over the standard bcopy implementation. Though 
fbcopy is slightly slower than prefetching with normal pro- 
tocol processing, with faster protocol processing it shows 
gains over prefetching. Furthermore, fbcopy has some 
advantages over processor copy in overall system resource 
utilization. As shown in the table, the processor copy ver- 
sions require more than three times as much CPU occu- 
pancy to perform the same amount of block transfer. In the 
fbcopy version, this time could be utilized for parallel com- 
putation, further increasing the performance of fbcopy rel- 
ative to processor copy techniques. 

7 Discussion and Related Work 

impact of prefetching as an alternative to block transfer. 
Some of their conclusions were similar to ours-for 
instance, they showed that prefetching can in some 
instances achieve similar gains to block transfer, and that 
applications are able to effectively utilize the spatial local- 
ity afforded by longer cache lines. However, while their 
study found limited block transfer in those applications, the 
workloads we consider expose additional opportunities for 
block transfer, such as in the operating system. 

Compared with the aggressive network in FLASH, 
other systems typically have a larger disparity between 
local and remote access times. In such systems, the long 
latency of an internode block transfer cannot be completely 
hidden by prefetching since processor implementation con- 
cerns fundamentally limit the number of outstanding 
accesses. As a compelling example, if the network latency 
increases by a factor of four in our tar workload with faster 
protocol processing, fbcopy would show a speedup of 1.42 
over bcopy, versus 1.22 for prefetched bcopy. In addition, 
as researchers consider systems in which remote access 
latencies are even longer, such as the proposed Distributed 
FLASH machine [KOH+94], coherent block transfer is 
also attractive for migration and replication of pages to 
improve memory locality [VDG+96]. 

Though not provided by the R10000, some modern 
architecturks such as PowerPC and the Sun UltraSPARC 
include support for block loads and stores. For example, 
UltraSPARC can load or store blocks of floating point reg- 
isters directly from or to memory without affecting some 
levels of the cache hierarchy [Sun95]. This support affords 
a unique opportunity to avoid cache pollution from proces- 
sor block copy. However, implementation concerns such as 
restrictions on the number of simultaneous block opera- 
tions may limit the applicability of these operations for 
achieving internode transfers. While a number of systems have addressed support for 

block transfer protocols [ABC+95, BLA'94, FAB'96, 

8 Conclusions KA93, RLW941, none provides full integration with cache 
coherence. The protocol we describe not only achieves this 
integration, but preserves protected virtual memory sup- 
port as well. Many systems have advocated a limited block 
transfer model, referred to as local Coherence, which con- 
strains the caching of source and destination buffers to 
their respective local nodes. However, this model breaks 
down in a shared memory system running a modern oper- 
ating system such as IRIX, in which processes may migrate 
to improve load balancing. In such an environment, 
assumptions about the local coherence and local allocation 
of pages no longer hold; only a block transfer protocol 
without such restrictions is widely usable. 

The Alewife system [ABC+95], like FLASH, supports 
both cache coherent shared memory and message passing. 
While the Alewife research has addressed the issue of 
coherence of message data [KA93], only local coherence is 
supported in hardware. Typhoon [RLW94] shares many of 
the same philosophies as FLASH; however, protocols such 
as fbcopy have not been studied in the context of Typhoon. 

Woo et al. studied the benefits of block transfer in scien- 
tific and engineering applications [WSH94], including the 

The design of the fbcopy protocol has shown that block 
transfer can be fully integrated with cache coherence with 
manageable complexity. Though the performance of a 
transfer decreases when coherence actions must be taken, 
fbcopy achieves near-peak network bandwidth when trans- 
fer buffers are uncached or cached only locally. Since our 
fully integrated solution does not degrade performance in 
locally coherent scenarios, there is little motivation to 
restrict the implementation to local coherence. 

some advantages over processor copy techniques. Our 
study of MPI primitives demonstrated that fbcopy enables 
significant performance gains over implementations of the 
MPI communication library using processor copy. While 
the microbenchmark results showed that prefetched bcopy 
outperforms fbcopy in some cases, through optimizations 
modeled by faster protocol processing we demonstrated 
that fbcopy can match or exceed the performance of 
prefetched bcopy. Fbcopy also results in lower network 
traffic, since it transfers only the data inherently being 

While not appropriate for all situations, fbcopy offers 
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communicated. The results from the tar application also 
showed that fbcopy achieves competitive performance 
with a fraction of the CPU occupancy of processor copy 
techniques. This parallelism can be utilized at the applica- 
tion level to  reduce the effective cost of block transfer 
communication. Finally, while gains from accelerated 
block transfer in  FLASH are modest due to its relatively 
low remote memory latency, the potential benefits are 
much greater in systems with longer remote latencies. 
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