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Abstract

Shared memory iswidely believed to provide an easier
programming model than message passing for expressing
parallel algorithms. Distributed Shared Memory (DSM)
systems provide the illusion of shared memory on top of
standard message passing hardware at very [ow implemen-
tation cost, but provide acceptabl e performance for only a
limited class of applications. We argue that the principal
sourcesof overheadin DSV systemscan bedramaticallyre-
duced with modest amounts of hardware support (substan-
tially less than is required for hardware cache coherence).
Foecifically, we present and evaluate a family of protocols
designed to exploit hardware support for a global, but non-
coherent, physical address space. We consider systems
both with and without remote cache fills, fine-grain access
faults, “ doubled” writesto local and remote memory, and
merging write buffers. We also consider varying levels of
latency and bandwidth. We evaluate our protocols using
execution driven simulation, comparing themto each other
and to a state-of-the-art protocol for traditional message-
based networks. For the programsin our application suite,
protocol staking advantage of the global address spaceim-
prove performance by a minimum of 50% and sometimes
by as much as an order of magnitude.

1 Introduction

Distributed Shared Memory systems (DSM) provide
programmers with the illusion of shared memory on top
of message passing hardware while mai ntai ning coherence
in software [4, 14, 22, 35]. Unfortunately, the current state
of theart in software coherence for networksand multicom-
puters provides acceptable performance for only a limited
class of applications. We argue that thislimitationis prin-
cipally theresult of inadequate hardware support. To make
software coherence efficient we need to overcome several
fundamental problems:

o DSM systems must interrupt the execution of remote
processors every time datathat is not present in local
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memory isrequired. Such dataincludes both applica-
tion and coherence protocol data structures. Synchro-
ni zation variabl es pose a particul arly serious problem:
interrupt-processing overhead can make acquiring a
mutual exclusionlock onaDSM system several times
asexpensive asit ison acache-coherent (CC-NUMA)
machine,

o Due to the high cost of messages, DSM systems try
to minimize the number of messages sent. They tend
to use centralized barriers (rather than more scalable
alternatives) in order to collect and re-distribute coher-
enceinformationwith aminimal number of messages.
They also tend to copy entire pages from one pro-
cessor to another, not only to take advantage of VM
support, but also to amortize message-passing over-
head over aslarge a data transfer as possible. This of
course works well only for programs whose sharing
is coarse-grained. Finaly, high message costs make
it prohibitively expensive to use directories at home
nodes to maintain caching information for pages. The
best DSM systems therefore maintain their informa-
tion in a distributed fashion using interval counters
and vector timestamps, which increase protocol pro-
cessing overhead.

¢ In order to maximize concurrency in the face of false
sharing in page-size coherence blocks, the fastest
DSM systems permit multiple copies of a page to
be writable simultaneoudly. The resulting inconsis-
tencies force these systems to compute diffs with
older versions of a page in order to merge the
changes [4, 14]. Copying and diffing pages is ex-
pensive not only in terms of time, but also in terms
of storage overhead, cache pollution, and the need
to garbage-collect old page copies, write notices, and
records of diffsand intervals.

Revolutionary changesin network technol ogy now make
it possibleto address these problems, and to build software
coherent systemswith performance approachingthat of full
hardware implementations. Several new workstation net-
works, including the Princeton Shrimp [3], DEC Memory
Channel [8], and HP Hamlyn [33], alow a processor to
access the memory of other nodes (subject to VM protec-
tion) without trapping into the kernel or interrupting a re-


mls
HPCA '96


mote processor. These Non-Cache-Coherent Non-Uniform
Memory Access (NCC-NUMA) systems effectively pro-
vide the protocol designer with a globa physical address
space. In comparison to large-scale cache-coherent mul-
tiprocessors, NCC-NUMA systems are relatively easy to
build, and can follow improvements in microprocessors
and other hardware technology closely. As part of the
CASHMERE! project we have shown that alazy software
protocol on atightly-coupled NCC-NUMA system canrival
the performance of traditional hardware coherence[15, 17].
In this paper we examine the other end of the architectural
spectrum, quantifying the performance advantage of soft-
ware coherence on NCC-NUMA hardware with respect to
more traditional DSM systems for message-passing hard-
ware.

Using detailed execution-driven simulation, we have
compared the performance of NCC-NUMA systems run-
ning our protocol sto theversion of lazy release consistency
used by TreadMarks [14], one of the best existing DSM
systems for workstations on a LAN.? Assuming identical
processor nodes, and networks of equal latency and band-
width (but not identical interfaces), we see significant per-
formanceimprovementsfor the programsin our application
suite, ranging from as little as 50% to as much as an order
of magnitude.

We are currently in the process of building a 32-
processor Cashmere prototypein collaborationwith Digital
Equipment Corporation. The implementation is based on
eight 4-processor DEC 4/233 mulitprocessors and a Mem-
ory Channel network. The prototypewill provide a bench-
mark agai nst which to compare our current results, and will
allow usto addressimplementation detail s that are difficult
to examinein the context of simulation. We expect the pro-
totypeto confirm that Cashmere protocolson NCC-NUMA
hardware lie at or near the knee of the price-performance
curve for shared-memory parallel systems.

The rest of the paper is organized as follows. Sec-
tion 2 discusses network and processor features as well as
protocol options that affect the performance of software
coherence on NCC-NUMA hardware. Section 3 describes
our experimental methodology and application suite. We
present performance results in section 4 and compare our
work to other approaches in section 5. We summarize our
findings and conclude in section 6.

2 Architectural and Protocol |ssueson M od-

ern Networks

In this section we describe a variety of software co-
herence protocols. For simplicity’s sake, we assume both
here and in the simulationsthat each node containsasingle
processor (the protocols can easily be extended to accom-
modate multiprocessor nodes). We start in section 2.1 by
describing TreadMarks and Lazy Release Consistency, the
protocol of choice for message passing multicomputers.
We then proceed in section 2.2 to describe our protocol for

1CASHMEREe stands for Coherence Algorithms for SHared MEmory
aRchitecturesand is an ongoing effort to provide an efficient shared mem-
ory programming model on modest hardware. Other aspects of the project
are discussedin section 5.

20ne might argue that an object-oriented system such as Midway [35]
or Log-Based DSM [7] could provide superior performance, but at the
cost of arestricted programming model.

NCC-NUMA machines. Finaly in section 2.3 we discuss
several variants of NCC-NUMA hardware and how they
affect the design of our protocol.

21 TreadMarksand Lazy Release Consistency

Lazy release consistency [13, 14] isavariant of release
consistency [18]. It guarantees memory consistency only
at synchronization points and permits multiple writers per
coherence block. Lazy release consistency divides time
on each node into intervals. Each node maintains a vector
of such intervals, with entry ¢ on processor j representing
the most recent interval on processor ¢ that logically pre-
cedes the current interval on processor j. Every time a
node executes a synchronization operation it starts a new
interval and increments its own entry initsloca vector of
timestamps. The protocol associates writesto shared pages
with the interval in which they occur. When a processor
takes a write protection fault, it creates a write notice for
the faulting page and appends the noticeto alist of notices
associated with its current interval .

When a processor acquires alock, it sends a copy of its
current vector timestamp to the previous lock owner. The
previouslock owner compares the received timestamp with
its own, and responds with a list of al intervas (and the
write notices associ ated with them) that the new owner has
not seen. The acquiring processor setsits vector timestamp
to be the pai rwise maximum of itsold vector and the vector
of the previous lock owner. It aso incorporatesinitslocal
data structures al intervals (and the associated write no-
tices) that the previous lock owner knew about, but which
the acquiring processor has not yet seen. Findly it inval-
idates al pages for which it receives a write notice, since
the receipt of awrite noticeindicatesthat thereisawriteto
that page in the processor’s logical past and the processor
needs to get an up-to-date copy of the page.

Pages are brought up-to-date by merging the writes of
remote processors in software. Before a processor writes
a page, it makes a copy of the page, aso called a twin.
When a processor is asked to produce the set of changesit
has made to a page, it computes the set by comparing the
current version of the page to itstwin. The result isalist
of modified addresses with the new contents, also called a
diff. Thereisone diff for every write notice in the system.
On an access fault to an invalid page, the faulting processor
asks for al the diffs it needs to bring the page up-to-date,
based on its list of write notices. It then applies the diffs
to its copy of the page in the causal order defined by the
timestamps of the write notices.

Barrier synchronization is dealt with somewhat differ-
ently. Upon arrival a a barrier, al processors send their
vector timestamps (and intervals and write notices), to a
barrier manager based on what values they think the man-
ager’ s vector timestamp contains. The manager merges all
timestamps, intervals, and write notices into its local data
structures, and then sendsto each processor itsnew updated
timestamp along with the intervals and write notices that
that processor has not seen.

Becauseit must guaranteethe correctnessof arbitrary fu-
turereferences, the TreadMarks protocol must send notices
of all logically previouswritesto synchronizing processors
evenif the processors have no copy of thepagetowhichthe
write notice refers. If aprocessor is not going to acquire a
copy of the page in the future (something the protocol can-
not of course predict), then sending and processing these



notices may constitute a significant amount of unnecessary
work, especially during barrier synchronization, when all
processors need to be made aware of al other processors
writes.

2.2 Basic Cashmere Protocol

Like most DSM systems, Cashmere uses virtual mem-
ory protection bitsto enforce consistency at the granularity
of pages. Like TreadMarks, it minimizes the performance
impact of false sharing by allowing multiple processors to
write a page concurrently, and uses a variant of lazy re-
lease consistency to limit coherence operationsto synchro-
nization points. The basic Cashmere data structures are a
distributed directory that maintains page state information,
and per-processor lists that contain notices for pages that
must be invalidated at lock acquisition points.

Each shared page in the system has a home node, which
maintains the master copy of the data, together with the
directory information. Pages areinitially assigned to home
nodesin round-robin order, but are moved by the operating
system to the first processor to access the page after the
program has compl eted itsinitializationphase. Thissimple
placement policy hasbeen shown to work quitewell [20]; it
reduces the expected cost of a cache miss by guaranteeing
that no page i s assigned to a node whose processor does not
useit. The directory information for a page includes alist
of the current readers and writers, and an indication of the
page’s global state, which may be one of the following:

Uncached — No processor is using the page. Thisisthe
initial state for all pages.

Shared — One or more processors are using the page read-
only.

Dirty — A singleprocessor is using the page read-write.
Weak —Two or more processors are using the page, and at
least oneisusing it read-write.

The state of a page is a property of the system as a
whole, not (as in most coherence protocols) the viewpoint
of asingle processor or node.

Processors execute coherence protocol operationsin re-
sponse to four events: read-protection page faults, write-
protection page faults, synchronization rel ease operations,
and synchronization acquire operations. On protection
faults (both read and write), the faulting processor locates
the directory entry of the faulting page. It then acquires
thelock for that entry, fetchesthe entry intoitslocal cache,
modifies it, writes it back, and releases the lock. Modify-
ing the entry involves computing the new state of the page,
and sending write notices to sharing processors if the page
made the transition to the weak state. The cost of fetching
adirectory entry can can be minimized if lock operations
are properly designed.

If we employ a distributed queue-based lock [21], a
fetch of the directory entry can beinitiated immediately af-
ter starting the fetch-and-store operation that retrieves the
lock’s tail pointer. If the fetch-and-store returns nil (indi-
cating that the lock wasfree), then the datawill arrive right
away. The writethat releases thelock can subsequently be
pipelined immediately after the write of the modified data,
and the processor can continue execution. If the lock is
held when first requested, then the original fetch-and-store
will return the address of the previous processor in line.
The queue-based lock algorithm will spin on a loca flag,

after writing that flag's address into a pointer in the prede-
cessor’'smemory. When the predecessor finishesitsupdate
of the directory entry, it can write the data directly into the
memory of the spinning processor, and can pipelineimme-
diately afterwardsawritethat endsthe spin. The end result
of these optimizationsisthat the update of adirectory entry
requireslittlemorethan three end-to-end message latencies
(two before the processor continues execution) in the case
of no contention. When contention occurs, little more than
one message |l atency isrequired to pass both the ownership
of thelock and thedatathel ock protectsfrom one processor
to the next.

To post awrite notice, aprocessor locksthewrite-notice
list of the remote node, appends a notice to the end of the
list, and releases the lock. The write notice simply names
the page to be invalidated. Our current implementation
usesacircular array to represent thelist.

The last thing the page-fault handler does is to set up
a mapping to the remote page; data will be transferred to
the local cache in response to cache misses. Alternatively,
the handler can choose to copy the remote page to local
memory and map the local copy. Thisis appropriate for
applicationsand systems with high spatia locality and rel-
atively high remote memory latencies. We examine the
tradeoff between page copying and remote cache fills in
section 4.

On a synchronization acquire operation, the processor
examines its local write notice list and self-invalidates all
listed pages. To self-invalidate a page, the processor (a)
acquiresthelock for the page’ sdirectory entry; (b) removes
mappings for the page from its loca TLB/page table; (c)
purges all lines belonging to the page from its cache; (d)
removesitself fromthedirectory’slist of processorssharing
the page; (€) changes the state of the page to uncached if
the sharing list is now empty; and (f) rel eases the directory
entry lock.

The protocol uses a write-through policy to ensure that
the master copy of shared pages—Ilocated at the home
node—, has the most recent version of the data. Syn-
chronization release operations stall the processor until all
write-through operations have completed. This guarantees
that any processor that invalidates its mapping to a modi-
fied page as aresult of a subsequent acquire operation will
see the rel easing processor’s changes when it goes back to
main memory for the data.

We have applied two optimi zationsto thisbasi c protocol .
Thefirst optimization postpones sending write notices until
the processor reaches a synchronization rel ease operation.
The processor treats all page faults as described above for
read faults, but creates both read and write mappings for
the page on which it faulted. When it reaches a release
operation, theprocessor examinesthedirty bitsfor all pages
it shares. If it findsthe dirty bit set it then proceeds to take
the same actions it would have taken on a write page fault.
It also sets a“processed hit” to ensure that it does not re-
process the same pages again on a subsequent release. The
“processed bit” isreset when a page isinvalidated.

The second optimization tries to minimize the cost of
sending write notices to processors. It takes advantage of
the fact that page behavior tends to be relatively constant
over the execution of aprogram, or at least alarge portion
of it. When the protocol notices that it has to send alarge
number of write notices on behalf of a particular page, it



marks the page as unsafe. (The unsafe state is orthogo-
nal to the four other page states) When an unsafe page
becomes weak due to a page fault, the faulting processor
does not send write notices to the sharing set. Instead it
only changes the page state to weak in the directory. An
acquiring processor, in additionto processing itslocal write
notice list, must now check the directory entry for al its
unsafe pages, and invalidate the weak ones. A processor
knows which of its pages are unsafe because it maintains
alocd list of them (thislist is never modified remotely).
Correctness is guaranteed by the fact that the transition to
the unsafe state isa side-effect of thetransition to the weak
state. All processors in the sharing set at the point of the
transitionwill receive write notices. Processorsjoining the
sharing set after the transition will notice that the page is
unsafe and will know to check the directory entry on their
next acquire operation.

Experiments(not reported here) reveal that delayed write
notices significantly improve performance. The distinction
between safe and unsafe pages has a comparatively minor
effect.

2.3 Network Interface Variants

Current  NCC-NUMA systems provide different
amounts of hardware support for the type of protocol out-
lined in the previous section. In this section we consider
three dimensions in the hardware design space together
with an initial, software dimension that affects the perfor-
mance of the others: (&) copying pages v. filling cache
lines remotely on demand, (b) servicing cache misses in
hardware v. software, (c) writing through to home nodesin
hardware v. via extrainstructions, and (d) merging nearly-
contemporaneous writes in hardware v. sending them all
through the network individually. The choices affect per-
formance in severa ways:

o Copying a page to local memory on an initial miss
(detected by a page fault) can be advantageous if al
or most of the data will be used before the page is
invalidated again. If bandwidthislimited, however, or
if thelocality exhibited by theapplicationispoor, then
copying pages may result in unnecessary overhead.

o If a process decides to not copy a page on an ini-
tial miss, the mechanism used to detect cache misses
to the remote memory can have a significant impact
on performance. Servicing cache misses to remote
memory in hardware requires that the network inter-
face snoop on thelocal memory busin order to detect
both coherence and capacity/conflict misses. We as-
sume that mapping tables in the interface alow it to
determine the remote location that corresponds to a
given physical address on the local bus. If the inter-
face does not snoop on ordinary traffic, then we can
gtill service cache misses in software, provided that
we have a“hook” to gain control when a miss occurs.
We assume here that the hook, suggested by the Wind
Tunnel group at theUniversity of Wisconsin[26], isto
map shared virtual addresses to local pages that have
been set up to generate ECC errors when accessed.
On an ECC “miss” theinterrupt handler can retrieve
the desired line, write it to local memory, and return
to the application. If evicted, the data will be written
back to loca memory; ECC faults will not occur on
subsequent capacity/conflict misses.

¢ A network interface that snoops on the memory bus
can forward write-throughs to remote memory. If
the writes are also recognized by loca memory, then
this forwarding congtitutes automatic “doubling” of
writes, which is perfect for protocolsthat create local
copies of pages on initial access faults, or that cre-
ate them incrementally on cache fills, as described in
the preceding bullet. Writes can also be forwarded
in software by embedding extra instructions in the
program, either via compiler action or by editing the
object file[27, 35]. With softwareforwardingit isnot
necessary to writethroughtolocal memory; thesingle
remotecopy retainsall of thewritten data, and capacity
or conflict misseswill update thelocal copy viawrite-
back, so that re-loads will still be safe. The number
of instructionsrequired to forward awritein software
varies from as little as three for aload/store interface
with straightforward all ocation of virtual addresses, to
more than ten for a message-based interface. The ex-
trainstructionsmust be embedded at every potentially
shared write in the program text, incurring both time
and space overhead. Note that if the hardware writes
through to remote memory and services cache misses
from remote memory, then doubling of writes is not
required: thereisno loca main-memory copy.

o Merging writebuffers[12] are ahardware mechanism
that reduces the amount of traffic seen by the mem-
ory and network interconnect. Merge buffers retain
the last few writes to the same cache line; they for-
ward aline back to memory only when it is displaced
by a line being added to the buffer. In order to suc-
cessfully merge linesto main memory, per word dirty
bitsare required in the merge buffer. Apart from their
hardware cost, merge buffersmay hurt performancein
some applications by prolonging synchronization re-
lease operations (which must flush the buffer through
to memory).

Not all combinationsof the dimensions discussed above
make sense. It is harder to implement loads from remote
memory than it isto implement stores (loads stall the pro-
cessor, raising issues of fault tolerance, network deadlock,
and timing). It is therefore unlikely that a system would
service remote cache fillsin hardware, but require software
intervention on writes. In a similar vein, a protocol that
copies pages to loca memory will not need software in-
tervention to fetch data into the cache from local memory.
Finally, merge buffers only make sense on a system with
hardware writes.

We use four-letter acronyms to name the protocols,
based on the four dimensions. The first letter indicates
whether the protocol copies pages or not (C or N) respec-
tively. The second and third | ettersindicate whether caches
misses (reads) and forwarded writes, respectively, are han-
died in hardware (H) or software (S). Finaly the fourth
letter indicates the existence or absence of a merge buffer
(M and N respectively). Theprotocol and network interface
design spaceisthen as follows:

NHHM: This system assumes hardware support for cache
misses, hardware support for write forwarding, and a
merge buffers. It transfers data a cache line at atime.

CHHM: This system assumes hardware support for write
forwarding. Cache misses are to local memory, and



thus are in hardware by definition. It copies datain
page-sized chunks.

NHHN: Identical to NHHM but without a merge buffer.
CHHN: Identical to CHHM but without a merge buffer.

CHSN: This system is similar to CHHM but in that it
forwards writes to remote pages in software and does
not have a merge buffer.

NSHM: This system is similar to NHHM. However the
mechanism used to detect a cache missis ECC faults
as described earlier in the section.

NSHN: Identical to NSHM but without a merge buffer.

NSSN: This system transfers cache linesin software, for-
wards writesto remote memory in software, and does
not have amerge buffer. It employsthesimplest NCC-
NUMA network interface.

The CHHM and NSHM systems could be implemented
on a machine similar to the Princeton Shrimp [3]. Shrimp
will double writes in hardware, but cannot fill cache lines
from remote locations. CHSN and NSSN resemble sys-
tems that could be implemented on top of the DEC Mem-
ory Channel [8] or HP Hamlyn [33] networks, neither of
which will double writes in hardware or fill cache lines
from remote locations. The Memory Channel and Hamlyn
interfaces differ in that the former can access remote |oca-
tions with regular store instructions as opposed to special
instruction sequences, it is therefore able to double writes
in software with less overhead.

In our work we assume that all systems are capable of
reading remote locations, either with ordinary loads or via
special instruction sequences. As of this writing, Ham-
lyn and the Memory Channel provide this capability, but
Shrimp does not. None of the systems will fill cache lines
from remote memory in response to a cache miss but DEC
isconsidering thisfeaturefor future generations of the hard-
ware[9]. Shrimp isthe only system that doubleswritesin
hardware: both the Memory Channel and Hamlyn require
software intervention to achieve the same effect.

3 Experimental Methodology

We use execution-driven simulation to simulate a net-
work of 64 workstations connected with a dedicated,
memory-mapped network interface. Our simulator con-
sists of two parts: a front end, Mint [31], that simulates
the execution of the processors, and a back end that simu-
lates the memory system. The front end calls the back end
on every data reference (instruction fetches are assumed
to always be cache hits). The back end decides which
processors block waiting for memory and which continue
execution. Since the decision ismade on-line, the back end
affects the timing of the front end, so that the interleaving
of instructions across processors depends on the behavior
of the memory system and control flow within a processor
can change as aresult of the timing of memory references.

The front end is the same in al our experiments. It
implements the MIPS Il instruction set. Multiple modules
in the back end allow us to explore the protocol design
space and to evaluate systems with different amounts of
hardware support and different architectural parameters.
The back end modules are quite detailed, with finite-size
caches, TLB behavior, full protocol emulation, network
transfer costs including contention for the bus and network
interface, and memory access costs including contention

System Constant Name Default Value
TLB size 128 entries
TLB fill servicetime 100 cycles
ECC interrupts 400 cycles
Page faults 400 cycles
Directory modification 160 cycles
Memory setup time 20 cycles
Memory bandwidth 2bytes/cycle
Page size 4K bytes
Total cache per processor 128K bytes
Cachelinesize 64 bytes
Network path width 16 bits (bi-dir)
M essaging software overhead 150 cycles
Switch latency 2 cycles
Wire latency lcycle
Page twinning 5 cycles/word
Diff application and creation 7 cycles/word
List processing overhead 7 cycles/write notice
SW write doubling (overhead) 3 cyclesiwrite

Table 1: Default valuesfor system parameters

for the bus and memory module. Table 1 summarizes the
default parameters used in our simulations. Contention
is captured by splitting each transaction into pieces at the
pointsof potential contention, and running each piece sep-
arately through the simulator’ sdiscrete event queue. Local
requests receive priority over remote requeusts for access
to the bus.

ECC interrupt timeisbased on figuresfor theWisconsin
Wind Tunnel, scaled to account for comparatively slower
memory access times on ahigher clock rate processor [34].
The figure in the table does not include the time to fix the
bad ECC. That timeisoverlapped with thefetch of the data
from remote memory. Similarly, page twinning and diffing
overhead counts only the instruction overhead. Any mem-
ory stall time dueto cache misses whiletwinning or diffing
is taken into account separately in the simulator. Most of
thetransactionsrequired by the Cashmere protocol srequire
acollection of the operationsshown intable 1 and therefore
incur the aggregate cost of their congtituents. For example
a page fault on aread to an unmapped page consists of the
following: (a) a TLB fill service, (b) a page fault caused
by the absence of read rights, (c) a directory entry lock
acquisition, and (d) adirectory entry modification followed
by thelock release. Lock acquisitionitself requirestravers-
ing the network and accessing the memory module where
the lock islocated. For aone psec network latency and a
200Mhz processor the cost of accessing the lock (and the
data it protects) is approximately 450 cycles (200 cycles
each way plus 50 cycles for the memory to produce the
directory entry). The total cost for the above transaction
would then be 100+ 400+ 450+ 160 = 1110 cycles, plus
any additional time due to bus or network contention.

3.1 Workload

We report resultsfor nine parallel programs. Five of the
programsarebest described asapplicationkernels: Gauss,
sor,sor |, mgrid,andfft. Theremaining are larger
applications. np3d, wat er, enBd, and appbt. The
kernelsarelocal creations.



Gauss performs Gaussian dimination without pivot-
ing on a 640 x 640 matrix. Sor computes the steady
state temperature of a metal sheet using a banded par-
alelization of red-black successive over-relaxation on a
1024 x 1024 grid. Sor _| is an aternative implementa-
tion of thesor program that uses locksinstead of barriers
as its synchronization mechanism. Mgri d isasmplified
shared-memory version of the multigrid kernel from the
NAS Pardlel Benchmarks [2]. It performs a more el abo-
rate over-rel axation using multi-gridtechni questo compute
an approximate sol utionto the Poisson equation on the unit
cube. We simulated 2 iterations, with 5 relaxation steps on
each grid, and grid sizes of 64 x 64 x 32. Ff t computesa
one-dimensional FFT on a 131072-element array of com-
plex numbers, using the algorithm described by Akl [1].

Mp3d and wat er are part of the SPLASH suite [29].
Mp3d is awind-tunnel airflow simulation. We simulated
60000 particles for 10 steps in our studies. WAt er isa
mol ecul ar dynamics simulation computing inter- and intra-
molecule forces for a set of water molecules. We used
256 moleculesand 3 times steps. EnBd [6] simulates el ec-
tromagnetic wave propagation through 3D objects. We
simul ate 65536 €l ectric and magnetic nodes connected ran-
domly, with a5% probability that neighboring nodesreside
in different processors. We simulate the interactions be-
tween nodes for 10 iterations. Finaly appbt isfrom the
NASA parallel benchmarks suite [2]. It computes an ap-
proximation to Navier-Stokes equations. It was trand ated
to shared memory from the original message-based form
by Doug Burger and Sanjay Mehta at the University of
Wisconsin.  We have modified some of the applications
in order to improve their locality properties and to ensure
that the large size of the coherence block does not create
excessive amounts of false sharing. Most of the changes
were mechanical and took no more than a few hours of
programming effort.

We ran each application on the largest input size that
could be simulated in areasonable amount of time and that
provided good scalability for a 64-processor system These
sizes are smaller than would occur on areal machine, but
we have chosen similarly smaller cachesin order to capture
the effect of capacity and conflict misses. Since we till
observe reasonabl e scal ability for most of our applications,
we believe that the data set sizes do not compromise our
results.

4 Reaults

In this section we evaluate the performance improve-
ment that can be achieved over more traditiona DSM
systems, with the addition of a memory-mapped network
interface. We start by evaluating the tradeoffs between
different software protocols on machines with an “ideal”
NCC-NUMA interface. We then proceed in section 4.2 to
study systems with simpler interfaces, quantifying the per-
formance impact of hardware support for merging writes,
doublingwrites, and filling cache linesremotely. Finalyin
section 4.3 we look at the performance impact of network
latency and bandwidth.

3Mp3d does not scale to 64 processors; we use it as a stress test to
compare the performance stability of the various systems and protocols.
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Figure 1: Execution time of DSM and Cashmere systems,
normalized with respect to NHHM.

4.1 Protocol Alternatives

This section compares two versions of the Cashmere
protocol running on an “ideal” NCC-NUMA system to
a state-of-the-art DSM protocol—TreadM arks—designed
for message-passing hardware. The first version copies a
page to local memory on a page fault (CHHM), while the
second simply mapsit and fetches datain responseto cache
misses (NHHM). All simulationsemploy identica proces-
sors, write-through caches (except for the DSM protocol,
which does not need them), buses, and memories, and the
same network bandwidth and latency. The Cashmere pro-
tocols further assume (and exploit) the ability to double
write-throughsin hardware (with awrite-merge buffer), to
fill cache lines remotely, and to perform uncached refer-
ences directly to remote memory. Results appear in fig-
ure 1. Running time is normalized with respect to that of
the no-page-copy (NHHM) protocol. For al programsin
our application suite, the Cashmere protocols outperform
the DSM system by at least 50% and in some cases by
as much as an order of magnitude. The choice between
copying apage on a page fault or ssmply mapping the page
remotely and allowing the cache to fetch linesis resolved
in favor of line transfers. Only sor favors page copying
and even in that case, the performance advantage is only
9%.

The greatest performance benefits for Cashmere with
respect to DSM are redlized for the more complex appli-
cations: appbt, np3d and wat er . Thisisto acertain
extent expected behavior. Large applications often have
more complex sharing patterns, and as a result the im-
portance of the reduced coherence overhead realized by
Cashmere ismagnified. In addition, these applications ex-
hibit a high degree of synchronization, which increases the
frequency with which coherence information must be ex-
changed. Fetching cache lineson demand, asin NHHM, is
therefore significantly better than copying whole pages, as
in CHHM: page size transfers waste bandwidth, since the
high frequency of synchronization forces pages to be in-
validated before al of their contents have been used by the
local processor. Page transfers also occupy memory and
network resources for longer periods of time, increasing
thelevel of contention.

Sor and enB8d have very regular sharing patterns.
Coherence information need only be exchanged between



page-copy
ipc
diff/twin
coherence
cache

cpu

Overhead Analysis

i8]

R | ]

t?‘?oéf 17"9/‘5.;%@0,&@@0 P N o
Figure 2: Overhead anaysis for 64-processor DSM and
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neighbors when reaching a barrier. Unfortunately, the
natural implementation of barriers for a system such as
TreadM arks exchanges information much morewidely. To
minimize barrier latency on modest numbers of processors
with high message-passing overhead, TreadMarks employs
a central barrier manager that gathers coherence informa
tion from, and disseminates it to, all participating proces-
sors. This centralized implementation limits scalability. It
also forces each processor to examine the write notices of
every other processor—not just its neighbors—Ileading to
longer messages and greater list processing overhead thanis
necessary based on the sharing pattern of the program. The
directory-based Cashmere protocols do not couple coher-
ence and synchronization as tightly; they make a processor
pay a coherence penalty only for the pages it cares about.
In order to assess the impact of barrier synchronization
on the relative performance of the protocols we wrote a
lock-based version of sor called sor _| . Instead of using
a barrier, sor _| protects its boundary rows with locks,
which processors must acquire before they can use the
rowsintheir computation. The lock-based version showsa
much smaller difference in performance across protocols.
The additional timefor DSM comes from computing diffs
and twinsfor pages and servicing interprocessor interrupts.
The source code differences between sor and sor | are
non-trivial: asingleline of code (the barrier) in the former
corresponds to 54 lines of lock acquisitionsand releasesin

Application Running Time ratio
8 processors | 64 processors
appbt 151 6.16
water 194 8.43
mp3d 8.17 12.01
em3d 1.43 261
fft 1.15 2.58
gauss 2.24 5.80
mgrid 1.39 217
sor 1.13 253
sor| 1.14 151

Table 2: Running time ratio of traditional DSM to NHHM
system on 8 and 64 processors.
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Figure 3: Execution time of Cashmere systems without a
merge buffer, normalized with respect to NHHM.

the latter. For enBd, in which sharing occurs between in-
dividual electric or magnetic nodes, associating locks with
each node would be prohibitively expensive, and it is not
obvious how to combine nodes together so that they can be
covered by asinglelock. Sor , and itslock-based version
work better with page copying (CHHM) than with remote
cache fills (NHHM). Rows are page aligned in sor , and
electromagnetic nodes that belong to a processor are page
aligned in enBd. Since both applications exhibit excellent
spatial locality, they benefit from the low local cache miss
penalty when pages are copied to local memory.

Myri d aso exhibits limited sharing and uses barrier
synchronization. The three-dimensional structure of the
grid however makes sharing more wide-spread than it is
in sor. As aresult the centralized-manager barrier ap-
proach of TreadMarks does not incur as much additional
overhead and the Cashmere protocol s reduce running time
by less than half. In asimilar vein, f ft exhibits limited
true sharing among different processors for every phase
(The distance between paired elements decreases for each
phase). The inefficiency of centralized barriersis dightly
greater than inf f t , but the Cashmere protocols cut pro-
gram running time by only dlightly more than half.

Thelast application, gauss, isanother lock-based pro-
gram. Here running time under DSM is more than 3 times
as long as with the Cashmere protocols. The main rea
son is that locks are used as flags to indicate when a row
is available to serve as the pivot row. Without directo-
ries, lock acquisitions and releases in gauss must induce
communi cation between processors. In Cashmere lock ac-
quisitions are almost free, since no write notices will be
present for any shared page (no shared pageis ever written
by a remote processor in this application). Lock releases
are dightly more expensive since data has to be flushed to
main memory and directory information has to be updated,
but flushing is overlapped with computation due to write-
through, and directory update is cheap since no coherence
actions need to be taken.

Figure2 presents abreakdown of protocol overhead into
its principal components: cache stall time, protocol pro-
cessing overhead, time spent computing diffs, time spent
processing interprocessor interrupts, and time spent copy-
ing pages. For the DSM system part of the cache stall time
is encompassed in protocol processing time: since caches
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Figure 4: Execution time for Cashmere systems with
software-mediated cache fills, normalized with respect to
NHHM.

are kept consistent by applying diffs, there is no easy way
to detect coherence related misses; applying a diff will
bring the new datainto the cache immediately. Asaconse-
guence the measured cache-stall timein DSM issolely due
to capacity, conflict, and cold-start misses. Also, the proto-
col processing overhead includes any time that processors
spend stalled waiting for asynchronizationvariable. Dueto
thenature of the protocol sitishard to distinguish how much
synchronization stall timeisdueto protocol processing and
how much due to application-specific synchronization. As
can be seen from the figure, the coherence processing com-
ponent is greatly reduced for the Cashmere protocols. The
cost of servicing interprocessor interrupts and producing
diffsand twinsis also significant for DSM in many cases.
We have a so run experiments with smaller numbers of
processors in order to establish theimpact of scalability on
the relative performance of the DSM and Cashmere proto-
cols. We discovered that for small numbers of processors
the Cashmere systems maintain only amodest performance
advantage over DSM. For smaller systems, protocol over-
head is significantly reduced; the Cashmere performance
advantage stems mainly from the elimination of diff man-
agement and interprocessor interrupt overhead. Table 2
shows the run time ratio of a Treadmarks-like DSM and
the NHHM Cashmere protocol on 8 and 64 processors for
our application suite. The 64-processor numbers are those
shown in graphs. They are repeated in the table for com-
parison purposes.
4.2 Reéaxingthe Hardware Requirements
Current network implementationsdo not provide all the
hardware support required to realize an ideal NCC-NUMA
system. This is presumably due to a difference between
the original goas of the network designers (fast user-level
messages) and the goals of a system such as Cashmere (ef-
ficient software-coherent shared memory). In this section
we consider the performance impact of the extrahardware.
In particular we consider:

Merge buffers. These reduce the bandwidth required of
memory and the network, and can improve perfor-
mance for applications that require large amounts of
bandwidth.

Write doubling. We compare hardware doubling to two
types of software doubling, both of which rely on the
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Figure5: Execution time for Cashmere systems with soft-
ware doubling of writesand linetransfers, normalized with
respect to NHHM.

ability to edit an executable and insert additional code
after each write instruction. Assuming a memory-
mapped interface (as on the DEC Memory Channel)
that alows access to remote memory with simple
writeinstructions, the minimal sequence for doubling
awrite requires something on the order of three addi-
tional instructions (with the exact number depending
oninstruction set details). If accesstoremote memory
isdoneviafast messages (asin HP' sHamlyn) thenthe
minimal sequence requires something on the order of
twelve additional instructions. We have not attempted
to captureany effectsdueto increased register pressure
or re-scheduling of instructionsin modified code.

Remote cache fills. Intheabsence of hardware support we
can till service cache misses in software, provided
that we have a “hook” such as ECC faults to gain
control when a miss occurs. The fault handler can
thenretrievethe desired line, writeit to local memory,
and return to the application. This approach has the
benefit that a cache miss does not stall the processor,
thus preserving the autonomy of each workstationin
the system. Should a remote node fail to produce an
answer we can use a software timeout mechanism to
gracefully end the computation and allow the work-
station to proceed with other jobs. Furthermore the
cost of the ECC fault has to be paid only for theinitial
cache miss. Subsequent cache misses due to capac-
ity and conflict evictions can be serviced from local
memory, to which evicted lines are written back.

Figure 3 showsthe performance impact of merge buffers
for protocol sthat either copy or do not copy pages (systems
NHHN and CHHN). The Cashmere systems shown in the
figure are identical to those of figure 1, except for the ab-
sence of the merge buffer. Running time is once again
normalized with respect to the NHHM system. For the ar-
chitecture we have simulated we find that there is enough
bandwidth to tolerate the increased traffic of plain write-
through for all but two applications. Gauss and ngri d
have writes to shared locations inside their inner loops.
Those writes are frequent and have excellent spatial local-
ity. The merge buffer is ideally suited to servicing such
writes and reduces main memory traffic significantly.



30
|

B cCcssN-fast

CSSN-slow

15 20 25
|

Normalized execution time

1.0

=]
(=1

<=
=1

Figure 6: Execution time for Cashmere systems with soft-
waredoubling of writesand page copying, normalized with
respect to NHHM.

Support for hardware reads is more important. When
cache misses to remote locations incur trap overhead the
NSHM and NSHN protocols suffer a significant perfor-
mance hit, with performance loss ranging from 14 to 84%.
Asamatter of fact performance lossishigh enough, that in
the absence of hardware support for remote cachefill, copy-
ing the page to local memory on a page fault becomes the
better choice. Normalized execution time for the systems
that do not assume hardware support for reads is shown in
figure 4.

Thefinal dimension of interest is the mechanism used to
forward writes to a remote main-memory page. Figures5
and 6 show the normalized running time on the Cashmere
systems when writes must be forwarded to the home node
in software. For the sake of clarity we have separated the
non-copying and page copying versions of the protocols
across the two graphs. We consider two cases of software
support for writes. A memory-mapped network interface
requires an additional three instructionsin order to forward
thewritetothehomenode, whileamessage-based interface
increases this overhead to twelve instructions per shared
write. For all applications, duplication of writesin software
adds a substantial amount to program runningtime. For the
message-passing interface, the overhead is high enough in
some cases to eiminate the performance advantage over
DSM. Both types of network interfaces are available on
the market. Our results indicate that the memory-mapped
interface is significantly better suited to efficient shared
memory emulations.

4.3 Impact of Latency and Bandwidth

Though not as important as the functional changes in
network interfaces that allow us to access remote mem-
ory directly, ongoing improvementsin network bandwidth
and latency aso play a significant role in the success of
the Cashmere systems. High bandwidth is important for
write-through; low latency is important for cheap direc-
tory access. We expect bandwidth to continue to increase
(bandwidth for next year’s version of the Memory Channel
is expected to be over 1Gbyte/sec [9]), but latency trends
areless clear. It may be possibleto achieve improvements
in latency by further reducing the software overhead of

messages, but most of the trends seem to be going in the
opposite direction. As processors get faster, network la-
tency (in processor cycles) will increase. In thissection we
evaluatetheimpact of changesinlatency and bandwidth on
the performance of the DSM and Cashmere systems. For
the sake of clarity inthe graphs, we present resultsfor only
four applications: appbt , wat er, gauss, and sor _| .
These applications represent important points in the appli-
cation spectrum. Two are large programs, with complex
sharing patterns and frequent synchronization, while the
remaining two are smaller kernels, with simpler sharing
patterns and lock-based synchronization. The kernels ex-
hibit |ess of a performance advantage over more traditional
DSM when run on the Cashmere protocols. The remaining
applications exhibit qualitatively similar behavior.

Figure 7 shows the performance impact of network la-
tency on therel ative performance of the DSM, NHHM, and
CHHM systems. We kept bandwidth at 400M bytes/sec and
varied message latency between 0.5 and 10 psec. Running
times in the graph are normalized with respect to the run-
ning time of the NHHM protocol with 1 psec latency. The
measures taken by TreadMarks to minimize the number of
messages exchanged make its performance largely insensi-
tive to changes in network latency. The Cashmere systems
are more affected by latency variations. The NHHM sys-
tem in particular suffers severe performance degradation
when forced to move cache lines a very high latency. For
a 200 MHz processor, a 10 pusec network delay implies
a minimum of 4,000 cycles to fetch a cache line. Such
high cache miss penalties severely limit the performance
of the system. The page copying system (CHHM) fares
better, since it pays the high transfer penalty only on page
fetches and sati sfies cache missesfrom|ocal memory. Both
systems however must till pay for write-throughs and di-
rectory access, and suffer when latency is high. Currently
an end-to-end 4-byte write takes about 3.5 usec on the
Memory Channel; this number will decrease by almost a
factor of three in the next generation release.

We have al so collected results (not shown) on theimpact
of latency for systemswith suboptimal hardware. Wefound
that the impact of doubling writes and of mediating cache
fills in software decreases as latency increases, and that
the performance gap between the ideal and sub-optimal
protocolsnarrows. Thismakessense: for highlatenciesthe
additional overhead of ECCfaultsfor readsand thesoftware
overhead for doubling writesis only asmall fraction of the
total cost for the operation.

The impact of network bandwidth on the relative per-
formance of the systems is depicted in figure 8. For these
experimentswekept latency at 1 p.sec and varied bandwidth
between 100Mbytes/sec and 1Gbyte/sec. Runningtimesin
the graph are normalized with respect to the running time
of the NHHM protocol with 400Mbytes/sec bandwidth.
Both the DSM and (to a lesser degree) CHHM systems
are senditive to bandwidth variations and suffer significant
performance degradation when bandwidth is limited. The
reason for this sengitivity is the large size of some of the
messages. Large messages exacerbate contention effects
since they result in high occupancy times for network, bus,
and memory resources. As bandwidth increases, perfor-
mance for both systems improves markedly. CHHM ap-
proaches or surpasses the performance of NHHM, while
DSM tails off sooner; when enough bandwidth isavailable
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protocol processing overhead becomes the limiting factor.
The NHHM system, which transfers cache lines only, is
largely bandwidth-insensitive.

For systems with sub-optimal hardware we have found
that the absence of a write-merge buffer has a significant
impact on performance at low bandwidth levels. Increas-
ing the amount of bandwidth reduces the importance of
merge buffers. Software-mediated cache fillsand software
doubling of writescannot exploit the additional bandwidth;
performing these operations in software increases their la-
tency but leaves bandwidth reguirements constant.

5 Reated Work

Our work is closely related to that of Petersen and
Li [24, 25]; we both use the notion of weak pages, and
purge caches on acquire operations. The main differenceis
scalability: wedistributethedirectory and weak list, distin-
guish between “safe’” and “unsafe”’ pages, check the weak
list only for unsafe pages mapped by the local processor
(i.e., for thosethat appear inthelocal writenoticelist), and
multicast write notices only for safe pages that turn out to
be weak. Our work resembles Munin [4] and lazy release
consistency [13] in itsuse of delayed write notices, but we
take advantage of the globally-accessible physical address
space for cache fills (in the Nxxx systems) and for access

to the directory and the local write notice lists. We have
also presented protocol variants [17] suitable for a multi-
processor such asthe BBN TC2000or the Cray T3D, witha
globally-accessible physical memory but without hardware
coherence. In such systems the lower latency of memory
accesses allows the use of uncached remote references as
an dternative to caching and provides uswith the ability to
tolerate small amounts of fine grain sharing.

On the hardware side our work bears a resemblance to
the Stanford Dash project [ 19] intheuse of arelaxed consis-
tency model, and to the Georgia Tech Beehive project [28]
in the use of relaxed consistency and per-word dirty bits
for successful merging of inconsistent cache lines. Both
these systems use their extra hardware to alow coherence
messages to propagate in the background of computation
(possibly at the expense of extra coherence traffic) in order
to avoid ahigher waiting penalty at synchronization opera
tions. Recent work on the Shrimp project at Princeton [11]
has addressed the design of coherence protocols based on
write-through to remote locations. The Shrimp protocol
resembles what we call CHHN, with the added twist that
when only two processors have mappings to a page they
writethrough to each others' copies, rather than to asingle
master copy. Researchers at the University of Colorado
also proposetheuse of NCC-NUMA hardwarefor efficient



shared memory emulations [10]. In their approach how-
ever, the coherence protocol is simplified to invalidate all
shared pages on lock acquisition operations.

Thekkath et a. have proposed using a network that pro-
vides remote memory access to better structure distributed
and RPC-based systems [30]. The Blizzard system [27]
at the University of Wisconsin uses ECC faultsto provide
fine-grain coherence with a sequential consistency mem-
ory model. In contrast we use standard address trandation
hardware to provide coherence support and use ECC faults
totrigger datatransfers (in the NSxx systems) only. For the
programs in our application suite, the coarse coherence
granularity does not affect performance adversely [15].
Furthermore we have adopted a lazy protocol that allows
multiple writers. In past work we have shown that very
small coherence blocksfor such protocol scan be detrimen-
tal to performance [16].

The software-doubled writes and software-mediated
reads of the xSxx and xxSx protocol sare reminiscent of the
put andget operationsof active message systems|6, 32].
The use of object editing toolsto insert coherence related
codethat maintainsdirty bitsor checksfor write permission
to a coherence block has aso been proposed by the Bliz-
zard [27] and Midway [35] systems. Our use is different
in that we simply need to duplicate writes. As a conse-
guence we need as few as three additional instructions for
each shared memory write. Maintaining coherence related
informationincreasesthisoverhead to about eleven instruc-
tions per shared-memory write.

Coherence for distributed memory with per-processor
caches can aso be maintained entirely by a compiler [5].
Under this approach the compiler inserts the appropriate
cache flush and invalidationinstructionsin the code, to en-
force data consistency. The static nature of the approach,
however, and the difficulty of determining access patterns
for arbitrary programs, often dictates conservative deci-
sions that result in higher miss rates and reduced perfor-
mance.

6 Conclusons

In this paper we have shown that recent changes in net-
work technology make it possibleto achieve dramatic per-
formance improvementsin software-based shared memory
emulations. We have described a set of software coher-
ence protocols (known as Cashmere) that take advantage
of NCC-NUMA hardware to improve performance over
traditional DSM systems by as much as an order of mag-
nitude. The key hardware innovation isa memory-mapped
network interface, with which processors can access re-
mote locations without trapping into the operating system
or interrupting other processors. This type of interface
allows remote data accesses (cache fills or page copies)
to be serviced in hardware, permits protocol operationsto
access remote directory information with relatively little
overhead, and eliminatesthe need to compute diffsin order
to merge inconsistent writable copies of a page; ordinary
write-through merges updates into a single main memory
copy.

Recent commercial experience suggests that the com-
plexity and cost of NCC-NUMA hardware is much closer
to that of message-based (e.g. ATM style) network inter-
facesthanitisto that of hardware cache coherence. At the
same time, previous work has shown the performance of

Cashmere protocols to be within a few percent of the al-
hardware approach [15, 17]. Together, these findingsraise
the prospect of practical, shared-memory supercomputing
on networks of commodity workstations.

We are currently building a 32-processor NCC-NUMA
prototype based on DEC's Memory Channel and 4-
processor AlphaServer 2100 multiprocessors. We are con-
tinuing research on protocol issues, including the design
of a protocol variant that chooses dynamicaly between
cache line and page transfers based on the access patterns
of the application, and another that automatically invali-
dates “unsafe’ pages without consulting the corresponding
directory entry. We are also actively pursuing the design of
annotations that a compiler can use to provide hintsto the
coherence system, alowing it to customize its actions to
the sharing patterns of individual data structures. Finally
we are looking into whether it makes sense to dedicate one
processor from a multiprocessor hode to protocol process-
ing tasks. Such a processor could be used to fill unused
pages with “bad” ECC hits, in anticipation of using them
for on-demand remote cache fills; track remote references
in the manner of a hardware stream buffer [23] in order to
prefetch data being accessed at a regular stride; or process
writefaultson behalf of the other processors, allowingthem
to overlap computation with coherence management.
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