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Abstract: The growing disparity between instruction issue rates and memory access speed impacts
multiprocessors especially hard under certain circumstances. For example, the time to increment a
shared counter can include not just the time to get an exclusive copy of the counter’s memory, but also
the time needed to re-send requests denied because a copy was held by some other processor incrementing
the counter. To alleviate the problem a system is described here in which the operations performed
by memory controllers are extended so that certain tasks can be completed with less contention, fewer
messages, or by avoiding synchronization that would otherwise be necessary. These operations, issued in
only a few cycles by a CPU, direct the enhanced memory controller to read, modify, and write a memory
location. Tag values can be used to delay completion of an operation until the needed tag value is
set. Operations can have multiple steps, and can be sent between memory modules to complete. A
completion counter at the issuing CPU can be used to wait until in-progress operations have completed.
Demonstrating their usefulness, execution-driven simulation of such systems shows speedup of well over
two times on code fragments chosen for their suitability. The radix sorting program from the SPLASH-2
benchmark shows over 20% reduction in execution time.

Index terms: Multiprocessor, latency hiding, memory, active messages, tagged memory.

1 INTRODUCTION

Multiprocessors, shared-address-space parallel computers using coherent caches, can effi-
ciently execute a wide variety of code. There are, however, some code sequences take much longer
to execute than communication latency might suggest. Consider two examples: In the first, many
tasks simultaneously attempt an atomic operation on the same location. Since the tasks (on many
systems) must re-try the atomic operation until they get access to the location, reducing the time
to complete the operation would speed the operation and reduce the wasteful re-try traffic. In
the second, tasks wait in a barrier until all data is ready, even though computation could proceed
using data that is ready. The barrier time must be endured because the time and traffic needed to
identify ready data would outweigh any savings.

Problems caused in the first example are avoided in some modern systems, such as the
Cray Research T3E [26], by having the memory controllers rather than the CPUs execute atomic
memory operations. At least one round trip to each accessing CPU is avoided; many are avoided
if re-trys would have been necessary. If in the second example the task only applies a few oper-
ations to the data, for example, copying to another location, then that processing might also be
better performed at the memory. There, processing can be triggered upon data arrival, avoiding
synchronization while being able to operate on data as soon as it arrives.

Such a memory processor is described here; it can perform the basic operations needed
to implement synchronization and resource allocation already provided in some systems, but also
executes instructions that operate on data (e.g., add a constant to a memory location), with
some instructions completing only when memory locations are in a specified state. A system
that included such a processor would be able to quickly execute fine-grain data sharing code that
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would take a conventional processor much longer. This is demonstrated in simulation experiments
reported here. Essentially replacing a memory controller, such a processor fits naturally into a
multiprocessor system, needing none of the new network or memory bus bandwidth that an added
processor would require. By limiting the context that each operation requires, execution overhead
is minimized and the memory processor is kept simple.

The enhanced memory controller described here is called an exo-processor; instructions
intended for exo-processors are called exo-ops. Exo-ops are designed to be issued by a CPU quickly,
for example by writing to an alternate address space. The network interface at the issuing processor
assembles an exo-packet and sends it to an appropriate memory. An exo-op consists of one or more
steps; each step specifies a memory address and an operation; the operation is executed at the
address’s home memory. By associating tag fields with memory locations, operations such as
“write when empty” are easily implemented. A completion counter at the CPU allows code to wait
for exo-op completion with almost no overhead.

An exo-processor provides an efficient execution mechanism for many useful functions that
could not easily be provided by other means. This is because messages between CPU and memory
for simple processing that could easily be performed at the memory are avoided. Unnecessary
caching is also avoided. Another reason is the ability to snoop changes to memory locations and
quickly react when a location with a pending operation is found.

An exo-processor is a form of smart memory, which has been discussed for some time
[30]. As discussed in Section 6 [p.12] earlier smart memory systems have been either specialized,
for example performing image-processing operations, or did not demonstrate a clear advantage over
having all processing done by the CPUs [3]. By focusing on operations that are inefficient in multi-
processors, keeping exo-ops small, and by encapsulating all context in the exo-packet and memory
location, the exo-processor is made useful and inexpensive enough for practical consideration.

The remainder of the paper is organized as follows. Preliminaries appear in the next
section, followed by Section 3 [next page| in which details on exo-processors and exo-ops are pre-
sented. In Section 4 [p.5] cost and performance factors are discussed. Simulation experiments are
described in Section 5 [p.7]. Related work is reviewed in Section 6 [p.12] and conclusions appear
in Section 7 [p. 14].

2 PRELIMINARIES

The following terminology will be used; see [24,29] for details. A multiprocessor is a
parallel computer that efficiently supports a shared address space for communication between the
parts of a parallel program, tasks. Such a system consists of CPUs, where the programs run, and
memory modules or memories for short, where data is stored. (The term CPU is used instead of
processor to avoid confusion with the term memory processor.) An interconnect provides communi-
cation paths between CPUs and memories; a network interface connects CPUs and memories to the
interconnect. (A CPU is typically paired with a memory module with which it can communicate
without using the interconnect.) The network interface prepares and sends messages in response
to requests by the connected CPU or memory, it also receives messages and dispatches them to the
connected CPU or memory [24,29]. The hardware that processes messages received for memories
is called a memory controller if its simple and a memory processor if it is more complex.

For purposes of memory management, the address space is divided into blocks, the small-
est cacheable unit. Each address is mapped to a memory module called its home memory at which
it typically is stored. User programs access memory (by issuing load and store instructions); sys-
tems are designed to implement some memory model, which describes the result of such accesses.
Caches are provided to reduce access latency; a cached copy of a block is called a line. Changes
to caches and memory follow a protocol which helps to implement the memory model, typically by
insuring that all valid cached copies of a block are identical [24].
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3 EXO0-PROCESSOR

3.1 HARDWARE

A system using exo-ops consists of a conventional multiprocessor with exo-processors
added near memories. In the work reported here addresses operated on by exo-ops are assumed un-
cached. This may be implemented by making the addresses uncacheable, having exo-ops invalidate
cached copies, careful user management, or some other mechanism.

The exo-processor shares access to the memory with the memory controller which pro-
cesses messages received from the network interface. In fact, the exo-processor might replace the
memory controller, handling both normal and exo-op messages. CPUs have a mechanism for fast
message assembly and dispatch. Any general-purpose mechanism will do; the description below is
for systems that use an alternate address space to interface with a network interface controller that
prepares and sends messages. CPUs also have an in-progress counter; typically incremented by the
CPU and decremented in response to incoming exo-op completion messages. The CPU can wait for
the count to reach zero; that is, it can execute an instruction which idles the CPU until the count
reaches zero. (Because of their low context switch overhead, multithreaded systems might switch
to a new thread. Switching between processes would require either multiple in-progress counters
or saving and restoring counter values and special processing when completion messages find their
processes no longer running.)

A CPU initiates an exo-operation by executing an instruction identifying the operation
(e.g., by writing to an alternate-address-space [AAS| address indicating that the exo-operation is
to be started, see below). Operands are specified on that and following instructions. This data,
called an exo-packet, is transfered to the network interface. At some point in the issue process the
in-progress counter may be incremented. Exo-ops have one or more steps, typically consisting of a
memory access (load or store) and an arithmetic operation.

Exo-operations are envisioned as short, consisting of one to three steps each. The oper-
ations (sequence of steps in an issued packet) might be predefined (e.g., hardwired) or could be
defined at run time by the parallel program. In the latter case, code implementing the operations
would be written to the exo-processors before being issued. (The overhead involved would preclude
single-use definitions.)

The exo-packet is sent by the network interface to the memory unit at which the first
operand is located. There it is buffered until the first step is executed by the memory’s exo-
processor. If the exo-packet contains additional steps it is sent to the memory at which its next
operand resides (if the next operand is not at the same memory) and the process is repeated. After
the last step a message to decrement the in-progress counter may be sent to the issuing CPU.

The utility of exo-ops is greatly increased by the use of tagged memory, in which several
bits of state are associated with each block. Exo-operations might wait in an exo-processor until a
tag on a needed block takes on a particular value, indicating their presence in the block’s directory.
This could be implemented by writing a field in a block’s state record with the storage index (within
the exo-processor) of an exo-packet that did not find the expected tag; the expected tag might also
be written. Any access that changes a block’s tag would check these fields so any now enabled
exo-packets found could be resumed. Further implementation details are omitted.

As illustrated below, such tags can be used to implement very efficient synchronization
and atomic operations. When tag bits are part of the block (as opposed to extra bits added to the
storage defined for an address) implementing tagged operations adds little to the cost of a system
that already includes an exo-processor.



3.2 OPERATION ISSUE AND EXECUTION
The issue and execution of exo-operations by the CPU will be illustrated using two
examples in which data to be operated on is widely scattered. Assume that the time to rearrange
the data for efficient execution would be comparable to the time needed to operate on the data
once arranged. Using exo-ops either rearrangement time or inefficient access is avoided.
Consider the following assembler pseudocode:

Code Fragment 1

LOOP: Label for start of loop.
add ri1,1,r1 rl = rl + 1, compute address of b[i].
1d [ri1],r6 Load b[i] and place in r6.

add r6,r2,r6
add r3,r5,r3

r6 = ¢ + b[i], add a constant, r2, to the first operand.
i =1+ f, the destination address. (f is large.)

st r6,[r3] Store the result at address of b[f*i], r3.
sub rl,r4,r0 r0 = rl - r4, subtract to set branch condition.
b nz, LOOP Continue if branch condition not zero.

to be executed on a conventional multiprocessor. The code computes a[f*xi]=b[i]+c over a range
of i, where £ and c are constants. With f large the write may miss every iteration; if a[f*i] is
never accessed again by that CPU a useful line may be evicted for no reason and the CPU that
does access the data will have to perform an invalidation.

In an exo system an exo-packet containing addresses of the array elements and the con-
stant c is sent first to the memory holding b[i]; the exo-processor reads the element, adds c, writes
the sum to the exo-packet, and sends it to the memory holding a[f*i]. There, the exo-processor
writes the result and sends an acknowledgment which decrements the in-progress counter at the
originating CPU.

The CPU issuing the operation does not have to wait for it to complete (although it could
have by waiting for the in-progress counter to return to zero). Since the exo-op bypassed the cache
useful lines were not replaced and a second CPU reading the result would not have to wait for
an invalidation to complete. If tags were used, a CPU could read the result as soon as it became
available without resource-consuming spinning.

The assembler pseudocode below implements the loop using an exo-op:

Code Fragment 2

LOOP:
add r1,1,r1
add r3,r5,r3
exo A4,0, r2
exo A4,1, r1
exo A4,2, r3
sub rl1,r4,r0
b nz, LOOP

Label for start of loop.

rl = rl + 1, compute the address of the first operand.

r3 = r3 + r5, compute destination address. (r5 is large.)
Initiate exo issue, transfer constant operand, in r2.
Transfer address of first operand.

Transfer address of destination.

rO0 = rl - r4, subtract to set branch condition.

Continue if branch condition not zero.

Here, exo A4,s, reg specifies exo-operation A4, step s using data from register reg, where A4
indicates an add with one immediate and one indirect operand. (The assembler would translate
these synthetic instructions into writes to the alternate address space used by the exo-processor
or network interface, using A4 and s to form an address and the contents of reg as the data.) In
the first step, exo A4,0, r2, the contents of r2 is transfered, in the second and third steps the
contents of r1 and r3 are transferred.

Once the three parameters of A4 are issued the CPU continues with the subtraction while
the exo-processor processes the exo-operation or the network interface prepares and sends the exo-
packet. An exo-packet consists of an identifier for the operation, and if necessary, something acting
as a program counter, and data.



The operations to be performed by the exo-processors themselves will also be illustrated
using assembler code. (This code is not to be taken as the actual instructions or the number of
actual instructions.) Regardless of implementation method, the actual instructions would be placed
at the exo-processor in advance. The exo-packet constructed for the example above includes a field
specifying the operation and three fields for the data: operand 1, address of operand 2, and the
destination address; these will be respectively referred to as x0, x1, x2.

Code Fragment 3

x_1d [x1],x1 ! Read [x1] and place in x1 (replacing the address).
x_add x0,x1,x0 ! Add (replacing constant).
x_st x0, [x2] ! Store sum.

The first instruction replaces field 1 with the data at the address specified by field 1. The second
instruction performs the add and the third writes the result. The load and add might be executed
at one memory and the store might be executed at another memory.

Instructions for tagged operations will be specified using a precondition and postsetting
in parenthesis as follows: x_1d [x1],x1 (pre->post). The load operation will wait until the tag
at x1 is set to pre; reading the data will set the tag to post. Operations with % in the precondition
position are unconditional; a x in the postsetting position indicates that the tag is not to change.

Tags can be used to implement many operations, permutation will be illustrated. Suppose
certain elements of an N-element array are to be permuted. The array can be permuted in place
(without using additional address space, but possibly using a large amount of exo-processor storage)
by issuing the following exo-op:

Code Fragment 4

x_1d [x0],x0: (0->1) ! Read "from" location, set tag.
x_st x0,[x1]: (1->0) ! Write at "to" location after '"old" element read.

for the elements being permuted. Note that another permutation on the same elements would be
issued with opposite preconditions and postsettings. To perform the permutation conventionally the
permutation would have to be factored into transposes, the entire array would have to be copied,
or the permuted portion would have to be copied back. See Section 5.2 [p.8] for permutation
performance figures.

4 FEASIBILITY
To argue feasibility, the cost of the exo-processor itself will be bounded and its storage
requirements and speed estimated. To show that exo-operations do not overload processor/cache
and network bandwidth, the resources consumed by the issue of an exo-operation will be estimated
(complementing the simulations described in Section 5 [p.7]).

4.1 IMPLEMENTATION ALTERNATIVES AND COST

The exo-processor may be implemented using a general-purpose, dedicated processor or
as something like an interrupt handler on the CPU. Also possible, a special-purpose, dedicated
processor capable of reacting quickly to completion of memory operations and packet arrivals could
be used. The addition of a dedicated processor begs the question: why not build a conventional
system using twice as many CPUs? The question implies that system cost is primarily the cost
of the CPUs themselves; but for each CPU there is a cache, memory module, and interconnect
capacity. Therefore a system using twice as many CPUs would add much more cost than adding
an exo-processor at each memory unit.

In a simple implementation the CPU performs the functions of the exo-processor; tag
and other information is part of normal storage. Additional hardware for such a system would be
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minimal, for example a high-speed message send and receive mechanism (as envisioned for various
active-message systems). Since no new processors, storage, or datapaths would be needed, the
increased hardware cost is insignificant. As shown by the simulations, performance improvement
is attainable even at low speeds.

The amount of storage needed per exo-processor will be estimated by considering the
maximum number of in-progress exo-operations. In the simulations performed, the number of in-
progress operations was limited to 25; the storage for 100 in-progress operations will be computed
here. A five-operand packet of 64-bit operands and containing a 64-bit header is 48 bytes; add 16
bytes for storage needed during execution. Then 100 such packets consume 6,400 bytes, a small
amount even for the high-speed storage needed.

4.2 EXO0-PROCESSOR SPEED

As will be shown in Section 5 [next page|, performance is sensitive to exo-op execution
rate. The following shows how adequate rates might be achieved using a general-purpose processor
and high rates with custom hardware.

As envisioned, packets are executed by the exo-processor while the network interface
copies others in to and out of its memory, saving time. To save memory allocation time, packet size
is bounded and this amount of space is used for each packet, regardless of its actual size. Storage is
allocated in circular fashion; an arriving exo-packet may find its storage occupied, since packets are
removed at arbitrary times this can happen when free space is available. If so, a trap routine would
compress storage or wait until the space is free. The exo-processor can issue transactions to the
shared memory itself in a single cycle without blocking. The exo-processor can quickly switch from
processing one exo-packet to another (e.g., issuing a memory transaction for one then performing
the operation for another) by, for example, avoiding a context switch.

Assembler pseudocode written to estimate the performance of a general-purpose processor
implementing exo-processor functionality uses about twenty instructions per exo-op. For example,
a step that reads a location, adds a constant, and sends the sum to another exo-processor would
use 18 instructions: 8 to find the packet and start the memory read; after performing some other
function, 3 to jump back to the code implementing the step; and 7 more to read operands, perform
the add, write the result to the packet, and to signal the network interface to send the exo-packet.
Tagged operations take a few more instructions, for example, 41 instructions (about 20 each) for
these two exo-ops: a tagged write needing an empty location preceding an emptying read to the
location.

Faster performance is obtained with a custom processor. For example, if a queue were used
for pointers to ready exo-packets (newly arrived or memory transaction complete), 7 instructions
per packet could be saved. In fact, specialized hardware using dedicated datapaths and multiported
storage for exo-packets could possibly execute at the rate of one step per 3 cycles (not instructions)
or more.

4.3 MEMORY AND BANDWIDTH CONSUMPTION

The issuing of exo-ops consumes issue slots and “pin” bandwidth at the CPU and execu-
tion consumes communication bandwidth throughout the system. As shown in the analysis below,
issuing exo-operations can use about the same number of issue slots and amount of pin bandwidth
as executing conventional instructions. Executing exo-operations may take more or less network
bandwidth than conventional instructions; in the conventional implementation of Code Fragment 2
exo-operations would require less network bandwidth when line sizes are long.

The number of instructions to code the addition example is the same for the conventional
and exo-op implementations of Code Fragment 2. The number of cycles to execute each iteration
is limited by restrictions imposed by the memory model, usable issue slots, and functional-unit
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availability. Assuming that load/store functional units (which can access the alternate address
space) are the limiting resource, one additional cycle is needed to issue the exo-operation—assuming
no cache misses. Other uses of exo-operations take fewer cycles to issue than the conventional code
they replace, for example Code Fragment 2 with all operands indirect. Overall, issue time of
exo-operations is comparable to the operations they replace, and so does limit CPU performance.

Assuming 16-byte cache lines, sy, = 16, a 4-byte header, and 4-byte addresses, the con-
ventional implementation would generate 40 bytes of traffic per iteration (each miss results in an
8-byte request and a (8 4 sg,/4)-word response, each iteration generates 1 + 4/sy, misses) and the
exo-op implementation would generate 32 bytes (the exo-packet to read the first operand is 16
bytes, the packet to write the result is 12 bytes, and the acknowledgment is 4 bytes).

In some cases exo-operations may generate more traffic; when the cache accesses the
exo-ops replace hit, much more, and so exo-operations would not be appropriate. In other cases,
for example, when a CPU (or its cache controller) would issue re-trys, exo-operations would gen-
erate much less traffic. Based on issue slots and traffic, exo-operations used properly consume at
worst marginally more resources than conventional approaches, and as shown below, not enough
to undermine performance.

5 SIMULATION EXPERIMENTS

5.1 METHODOLOGY

Simulation experiments were performed to determine the performance of code fragments
and a benchmark with and without exo-ops and to determine which bottlenecks limit performance.
Simulations were performed using a modified version of Proteus [4], an execution-driven parallel
computer simulator.

Under Proteus user programs to run on the simulated system are written in C using special
functions for parallel execution such as task creation and shared-memory allocation. Programs are
compiled into assembly code using a host system compiler, in the work reported here, gcc 2.7.0.
In preparation for simulation the assembler code is augmented, that is, additional assembler code
is inserted. The augmented code is assembled and linked with Proteus’ own code. The simulator
along with the augmented user program execute as a multithreaded program, with the threads
managed by the simulator. There is at least one thread for each task, plus one thread for the
simulator itself. Some inserted code keeps track of simulated time and initiates a context switch
to the simulator when the thread’s quantum is complete, keeping the simulated time of all threads
within a narrow range. Many parallel system functions also initiate thread switches.

Simulated program instructions that do not access memory currently take one cycle of
simulated time to execute, see Section 5.1.1 [next page] for timing details on other instructions. A
cached shared memory system is fully simulated; the protocol used is similar to the one described
in [5]; sequential consistency is maintained, except of course for locations accessed by exo-ops. The
interconnection network is simulated at the packet-transfer level.

The version of Proteus used for this study, Proteus L3.8, is a modified version (in addition
to the exo-op modifications) of Proteus Version 3.1. Relevant modifications are in the handling of
shared memory and compiled code. In the modified version, access to shared memory is specified in
C source code in the same way as access to ordinary memory; at the assembly language level load
and store instructions that might access shared memory are replaced by code that tests for and if
appropriate simulates shared memory access. (In version 3.1 shared-memory accesses are replaced
with function calls before being compiled.) The programs to run on the simulated machine can be
compiled with optimization turned on. When a line is to be evicted from the cache, an invalid or
empty line is chosen, if no such lines exist the line is chosen randomly. For details on these and
other modifications see [20].
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Table 1: Base Configuration Parameters

Simulation Parameter Value Simulation Parameter Value

System Size 16 CPUs Protocol Message Size 8 bytes (plus data)
Network Topology 4 x 4 mesh Network Interface Width 3 bytes

Cache Size 212 gotg Network Link Width 3 bytes

Cache Associativity 8 Wire 4+ Switch Delay 4 cycles

Cache Line Size 16 bytes Exo-Packet Size 8 bytes (plus data)
Cache Capacity 524,288 bytes Exo-Op Issue Latency 1+ 1 cycle/operand
Cache Hit Latency 3 cycles Exo-Packet Constr. Time 5 cycles.

Mem. Mod. Cap. 219 bytes Exo-Op Step Exec. Latency 20 cycles

Address Space Size 392 bits Exo-Op Step Exec. Rate 1 st.ep/IO cycles.
Directory Size full map (16) Processor Stall Thresh. 25 in-progress
Memory Latency 9 cycles Processor Resume Thres. 24 in-progress

5.1.1 System Configurations

The simulated systems are described in terms of differences with a base configuration
having 16 CPUs interconnected by a two-dimensional mesh network. Link widths are 3 bytes,
chosen so that processor/network bandwidth in bytes per executed instruction approximately match
the Sun Ultra Enterprise 4000 (assuming the 4-way Ultra Sparc sustains an issue rate of 3). There
are 16 2'9-byte memory units using full-map directories; address space is organized into 16-byte
blocks. At the CPUs, 2'%byte, eight-way, set-associative caches are used. A list of simulation
parameters appears in the table above.

Exo-ops with p operands take p+1 cycles to issue (e.g., the three exo instructions in Code
Fragment 2 would together take four cycles) another five cycles to construct, and twenty cycles to
execute each step. An exo-processor can start executing steps every ten cycles. The additional time
needed for cache and memory transactions and network transit time is fully simulated and part of
operation timing. To limit hot spots, processors with 25 in-progress exo-ops stall; they resume at
24.

5.2 ILLUSTRATIVE CODE FRAGMENTS
Five code fragments were written to illustrate exo-operations (not whole-program perfor-
mance) under favorable and unfavorable conditions: histogram, nested loops, vector sum, and two
array permutations. All were compiled with optimization on. The fragments and their performance
on the base system are discussed below; their performance on other configurations are discussed in
Section 5.4 [p.11].

5.2.1 Histogram

The histogram fragment computes a global histogram of data partitioned among CPUs.
Processors increment a bin corresponding to each data element. The code was implemented three
ways: using an atomic fetch-and-add instruction that executes at the CPU, spin locks, and exo-
operations. (In an alternative method a local histogram would be computed and then consolidated
into the global histogram; this would take too much time when samples are sparsely distributed
among bins.) In the histogram fragment conventional techniques are particularly inefficient and so
the exo-op code is much faster.

The execution of fetch-and-add gets a writable copy of the block into the cache and then
performs the add; execution time is the same as an ordinary write. The spin lock uses a test-and-
test-&-set algorithm. A 1600-bin histogram was computed, elements were randomly distributed
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over bins with a uniform distribution. Bins were protected using 64 spin locks, each covering 25
bins.

Execution time for the fetch-and-add and spin-lock implementations were 101 and 367
cycles per iteration, respectively. The exo-operation implementation required only 17.5 cycles
per iteration, almost six times faster than fetch-and-add and much faster than spin-locks. Relative
benefit improves with increasing line size and remains about the same with low-bandwidth networks.

5.2.2 Nested Loops
The nested-loops fragment computes a new array using two values from the old (new in
the previous iteration) array; in the conventional implementation

Code Fragment 5

for( outer=0; outer<outer_end; outer++){
if( outer & 0xl1 ){nl_x=nl_A; nl_y=nl_B; } else {nl_x=nl_B; nl_y=nl_A; }
barrier();
for( inner=start; inner<stop; inner++)
nl_x[inner] = nl_y[inner] + nl_y[ nl_p[inner] 1;}}

where n1_A and nl B are the base of two arrays, nl p is the base of a mapping of the indices, and
start and stop specify the part to be performed at the CPU. In the conventional implementation
the indirect read (using index nl_p) will frequently miss after the first iteration and the write will
generate invalidations to other CPUs. Further, the overhead of the barrier is significant when
stop-start is small and regardless, the barrier precludes overlapping of outer iterations.

The exo-op implementation uses a single exo-operation for the inner loop body with
tags and three parameters, &nl x[inner], &nl y[inner], and &nl_y[ nl p[inner] ], in which
&base[index] indicates the address of element base[index]. Reads are performed when a tag
is at a proper value, e.g., full; writes set the tag. In the exo-op implementation invalidations
associated with the write are avoided, barrier overhead is avoided, and outer loop iterations are
overlapped.

On the base system, with 16 iterations per inner loop per CPU, the conventional imple-
mentation takes 159 instructions per iteration; the exo-op implementation takes 64.6, almost 2.5
times faster. This fragment puts a substantial load on the memory system because the exo-packets
are large and each exo-operation has three steps. The limit on performance here is the rate at
which exo packets can be transfered across links and the memory-access rate. Each exo-packet,
20 bytes, takes 7 cycles to transfer; the acknowledgment, 8 bytes, takes 3 cycles. For each exo-
operation three exo-packets and one acknowledgment are received (a network interface is shared by
a processor/cache and memory module), averaging 24 cycles per iteration per network interface.
For each operation total memory time is 27 cycles and exo-processor time is 30 cycles. Because
of underutilization due to data location irregularities and stalling of CPUs with 25 in-progress
operations each iteration takes 64.6, rather than the ideal 30 cycles per iteration.

5.2.3 Vector Sum

The vector operation fragment computes a[i] = a[i] + b[i] + c, with each CPU get-
ting a range of i values. This is an operation that shared-memory machines do well and vector
machines such as the Crays do best. In the former a miss to the first element on a cache line brings
in subsequent elements; in the latter the programmer or compiler, taking advantage of the simple
access pattern, would bring data to the processors in advance, using a high bandwidth interconnect
that could keep up with the processors. Exo-operations, in contrast, only avoid the first miss. The
fragment was implemented three ways: using conventional approaches that miss and hit the cache
and using exo-ops.



The conventional approaches that miss and hit took 47.7 and 27.2 cycles per iteration,
respectively; exo-operations took 46.0 cycles per iteration, respectively. The exo-op approach is only
slightly faster than the conventional code that misses, however for more aggressive implementations
the exo-ops margin is larger. For example, when exo-op execution latency and rate are 15 cycles
and 1 per 5 cycles respectively, exo-ops took 35.1 cycles per iteration, a better speedup. With slow
network links the vector exo-operations with base timing are over twice as fast.

When accesses hit, the conventional approach is faster, as one would expect. With misses,
exo-ops are 1.04 times as fast, an insignificant improvement. As before, the limit on performance
is transfer and memory access latency; unlike the nested loops, spatial locality reduces the number
of misses the conventional code suffers but does nothing for exo-ops. For these reasons in low-
bandwidth networks exo-operations take 1.25 times longer and also perform worse at line sizes
above 16 bytes and for slow exo-op implementations.

5.2.4 Permutation

Two permutation code fragments are simulated. The in-place fragment permutes some
array elements (leaving the others moved); the copy permutation fragment fills a new array with
the rearranged elements from the original. In both fragments the permutation itself is stored in
private memory; the caches are warmed so that the “from” locations are local. One exo-op per
transpose is used for the in-place permutation with tags coordinating writes; the conventional code
copies moved elements to temporary storage in local memory (100% hit rate, 1 cycle hit latency),
executes a barrier, then copies them back. The copy permutation is implemented with loads and
stores; an inverse permutation is used so that writes to local elements do not exhibit false sharing,
speeding the conventional code. In all cases the system is initialized so that source and destination
(if any) array elements are exclusively cached at the CPU near their home memory. Arrays had
4096 integer elements; the in-place permutation was performed on 800 elements, the maximum that
could be performed without risking deadlock (given the base configuration’s stall threshold of 25).

Using the conventional approach, the in-place permutation took 205 cycles per iteration;
using exo-operations, 56.5, 3.6 times faster. The copy permutation took 72.5 and 31.9 cycles,
respectively; over twice as fast. By avoiding false sharing and coordinating writes, exo-ops perform
the in-place permutation well. Exo-ops also improve the copy permutation.

5.3 BENCHMARK

Simulations were performed using a modified version of Radix, a kernel from the SPLASH-
2 benchmark suite [32] that implements a radix sort. Suggestions on placement of tasks and
allocation of shared memory appearing in the benchmark were followed so that the radix was well
tuned, with or without exo-ops. Radix was compiled with optimization, and run using the default
problem size specified in the code: 262,144 elements chosen over range [0, 524288] sorted using radix
1024.

Radix uses exo-scalar operations to permute the keys which it is sorting and to compute
prefix sums. The prefix sums are computed using exo-ops implementing a linear chain of additions,
each addition issued by a different CPU. The prefix sum is computed using about one message
per element whereas the conventional code uses two (a read and write). The Radix program was
also modified to improve the performance of the prefix sum using conventional operations, the
modified program runs much faster than the unmodified version on the configurations tested. The
conventional implementation takes 3.38 million cycles; using exo-ops, 2.61 million cycles, a reduction
of over 22%. The conventional code spends about 40% of its time ranking and 60% permuting.
Exo-ops reduce the permute time by about a third, improvement is limited by read misses to the
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Figure 1. Execution time of exo-scalar systems normalized to conventional systems (e.g., 0.5 indicates half
the execution time of a conventional system). Parameters varied are (a) implementation latency /issue period
(cycles), (b) network link delay (cycles) /widths (bytes), (c) line sizes, and (d) memory latencies (cycles). Bold
indicates base configuration.

element being moved. Prefix time is a small fraction of execution time, so its reduction had little
impact.

5.4 CONFIGURATION EFFECTS

Performance improvement of the benchmark and fragments is plotted in Figure 1(a) for a
variety of exo-op execution speeds. Key z/y indicates z-cycle latency and y-cycle period (1/rate);
base speed is in boldface. (Latency is the time from start to finish of an exo-op step; period is the
minimum time from starting one exo-op step to starting another.)

A program’s sensitivity to exo-processor speed is determined by the rate at which the
program issues exo-ops in comparison to exo-processor execution rate. Radix’s insensitivity, as can
be seen in Figure 1(a), is due to the relatively long time used to compute element destination and the
significant amount of time spent executing code that does not use exo-ops. Histogram’s insensitivity
is due to fast execution of the single-step exo-op which contrasts with vector’s three-step exo-op.

Where exo-operations generate traffic, bandwidth limitations could undermine their use-
fulness; this was not observed in the simulations where a system using 4-bit links (called “narrow”
in Figure 1 (b)) was compared to the base system (which uses 16-bit links). Relative performance
on a low-bandwidth system is improved for all but vector, which generates more traffic than the
code it replaces. Because exo-ops are non-blocking, relative performance on all benchmarks is much
better on high-latency networks with high or low bandwidth.

The effect of line size is plotted in (c¢). Line size primarily affects the conventional pro-
grams, longer lines improving performance where there is spatial locality, worsening performance
otherwise. Radix suffers both effects: the conventional code is fastest with 32-byte lines, by avoid-
ing false sharing the exo implementation is fastest at the largest line size. False sharing also is
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present in the histogram and in-place permutation codes. The conventional copy permutation and
loop code suffer from using a small part of the lines they read.

Memory speed effects are shown in (d). Exo-ops perform best at middle speeds; with
faster memory there is less latency to hide, slower memory is a bottleneck for both implementa-
tions. Not shown is system- and cache-size effects; relative improvement is greater on the larger
hypercube systems tested, where link width and per-processor cache size are held constant, cache
size strongly effected the execution time for Radix on both conventional and exo systems, relative
benefit was about the same. Small caches improved the performance of the exo-op implementation
of some fragments (since fewer lines needed to be invalidated) while reducing the performance of
the conventional implementations.

6 RELATED WORK
The latency tolerance, parallelism, and synchronization that can be achieved with exo-ops
can be realized using a combination of existing techniques, however the combination would be less
effective and less flexible.

6.1 ALTERNATE APPROACHES TO LATENCY HIDING

Where used, exo-operations, being nonblocking, hide miss latency. This can also be
achieved using multithreading, out-of-order completion combined with a relaxed consistency model,
and prefetching. (To be fair, exo-ops would only hide latency for data which is not needed at the
CPU.)

Processors can hide (do something useful during) access latency by performing a context
switch on an access miss. When context-switch time is small useful work can be performed dur-
ing the memory accesses. Multithreaded processors provide multiple sets of registers and other
processor-state storage so that context switches take little time, in some schemes zero cycles. (See
[10] for an early description and [1,2,9,22,27,31] for some recent work.) While latency is hidden,
the CPU must be able to hold the state of many threads, adding to the cost. Further, there must
be several times more threads in the parallel program, potentially reducing the efficiency of those
applications which are not embarrassingly parallel. Most of the added cost in an exo-op system is
outside the CPU, which may be a desirable tradeoff.

In a system using out-of-order completion and a relaxed consistency model, instructions
following memory accesses that do not immediately complete (e.g., due to a cache miss or some
consistency action) would not necessarily stall the CPU [11,13]. Memory writes would cause the
least, trouble since no instruction would have to wait for these to complete. (Reads to the same lo-
cation as a pending write could be satisfied by a buffer holding in-progress operations.) Instructions
following memory reads would only stall if they read a register to be written by the read.

Fully exploiting such out-of-order completion would require elaborate hardware. A cache
miss on a location which is held elsewhere in an exclusive state might take hundreds of cycles to
complete. It is possible to construct a CPU which could hold such memory access instructions,
and the instructions dependent on it, while executing non-dependent instructions, however the cost
may be prohibitive. In contrast, in an exo-op system the processor issues memory reads, arithmetic
operations, and writes in a single unit to be processed elsewhere; the number of outstanding exo-
operations is the only state information to be maintained.

The difficulties of out-of-order completion can be avoided by prefetching, moving data
into a cache before needed. Prefetching can be accomplished by having the programmer or compiler
insert prefetch instructions for data ahead of its use [11,17,23,25,26], by having hardware regularly
issue fetches for memory locations of some fixed stride (the stride and timing set by the programmer
or even determined automatically) [6,7,26], or, simplest of all, by using long cache lines. For all
of these techniques the memory location must be determined in advance of need, which is not
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always possible. In contrast, exo-operations are issued as soon as the operands are known, taking
advantage of the CPU’s ability to determine operands using conventional code; the operations
complete when operands are available, taking advantage of the exo-processor’s ability to snoop.

6.2 ATOMIC OPERATIONS USING SMART MEMORY

Exo-ops implement atomic operations (such as adding a quantity to a memory location)
very efficiently by performing them at the memory. Some existing and proposed systems achieve
such efficiency using smart memory. Smart-memory systems, which use memory units having some
computational capability, are in some ways similar to exo-scalar systems. The Cray T3E [26], a
shipping commercial system, and Cedar [21], an older research system in many ways similar to
the T3E, use smart memory to implement atomic operations (such as compare-and-swap, fetch-
and-increment, and test-and-add) for synchronization but not for computation. Exo-operations
are designed to support computation and synchronization. Smart memory designed to perform
computation is discussed in Section 6.5 [this page].

6.3 SYNCHRONIZATION AND COMPUTATION USING DEDICATED NETWORKS
Some existing systems, such as the CM-5 [15] and T3D [19] use special networks for
barriers and reduction, achieving very low latency on these operations. However barriers and
reduction occur too infrequently in most programs for there to be a major impact on performance.
Exo-operations can also be used to implement barriers and perform reduction, perhaps not quite
as efficiently as a dedicated network, but much faster than implementations using spinning or
inter-processor interrupts.

6.4 DATA FLow

With tags, exo-operations can be issued when and where the identity (e.g., array index)
of operands are determined regardless of whether the operands themselves have been computed.
Because of the overhead involved, such operations would only be issued where operand availability
(in time or space) could not be assured. Fine-grain data flow and task flow is similar in that
operations are triggered by data availability, but is inefficient since that is the only execution
mechanism [16,22,28]. Exo-ops are part of procedural code and so the programmer does not have
to cast the application’s control flow into an unfamiliar data-flow paradigm.

Hybrid or large-grain data flow improves efficiency by executing more of the code as
conventional processors would. One such proposed system is *T, which is designed so that tasks
can be stopped and started quickly when needed remote data arrives [27]. The machine uses
separate memory processors which can hold requests until data is ready, at which time a response
is sent which includes a continuation; this might be used to restart the stalled task that had
issued the request. The issuing of an exo-op does not stall the process and so multiple outstanding
operations can be issued by a single thread of execution, resulting in higher utilization (where there
would be no other tasks to continue on *T) or greater efficiency (where more work is performed in
order to provide multiple tasks per processor on *T). The *T machine is to be a hybrid dataflow
system (simulation results were not reported), whereas the scheme described here is much closer
to a conventional processor.

6.5 COMPUTATION USING SMART MEMORY
Smart memory is usually proposed to perform some amount of computation; proposals
vary on the granularity of the computation, from simple operations on single-bit operands to im-
plementation of data structures. By the use of tags, operation generality, and in-progress counters,
exo-ops can be used for such computation under a wider variety of circumstances and as demon-
strated here, in a way that is useful in modern multiprocessors. Many smart-memory schemes are
limited, apply only to specialized systems, or are no longer practical.

-13-



In early work in this area, described by Stone [30], arithmetic and logical operations
would be performed on cached data by a logic-in-memory cache. Since the overhead in issuing
logic-in-memory operations could easily exceed the time saved by overlapping their execution with
CPU activity they are best performed by the CPU itself.

In more recent incarnations simple operations are performed in parallel on large sets of
data or complex operations are performed on smaller sets of data. Examples of the former include
image-processing operations. Such systems would include many inexpensive memory processors
which when used, would outperform the much smaller number of CPUs; they would be inexpensive
enough so that low overall utilization would be acceptable. (See for example, [12].) Simple opera-
tions allow processors to be economically fabricated on each memory chip, however their simplicity
limits their use. An exo-processor is more complex, but far more flexible, and only one is needed
per memory unit (or enough to keep up with a CPU).

In other smart memory schemes the memory would implement data structures, rather
than a simple sequence of storage locations [3]. A memory access instruction might request that
an element of a linked list be returned, for example. Such ideas have yet to be fully worked out,
in particular, what operations should the smart memory support and how would code executing
on a smart memory processor outperform code running on a regular processor. Exo-processors are
designed for simple operations using little context; a memory processor implementing an elaborate
data structure would require a lot of context (registers, stack, etc.) and so would have the cost and
task switch overhead of a processor.

6.6 ACTIVE MESSAGES

Active messages might be used to implement something similar to exo-ops. Active mes-
sages are messages which can be assembled, sent, and processed at their destinations with very low
overhead, possibly by directly accessing processor registers. The time needed to process an active
message at its destination is kept to a minimum by placing the address of an interrupt handler, or
even an opcode, within the message. See [8] for active message implementation for the J-machine
[14] for FLASH, and [18] for EM-X. While the issuing of an exo-op is almost identical to the send-
ing of an active message, the interrupt of the CPU at an active message’s destination introduces
latency and CPU overhead that exo-operations avoid. If a context switch is needed then many
cycles are lost—both by the active message and the interrupted task. Exo-operations, in contrast,
can be handled by a simple execution unit which includes no more context than is present in the
exo-packet and the memory location read, eliminating the need for state saving.

7 CONCLUSIONS

A multiprocessor system using an enhanced memory controller, called an exo-processor,
as been described and evaluated. Execution of exo-ops by the exo-processor takes advantage of its
location by, for example, avoiding memory-processor-memory messages needed only to complete
simple operations and by snooping on other accesses to the memory location. Other features allow
processors to issue these operations with only a few instructions, and when necessary wait for their
completion by stalling until an in-progress counter reaches zero. With this tight integration, exo-ops
can be used for fine-grain data sharing that would be impractical on conventional multiprocessors.

Execution driven simulation has shown substantial speedup on code fragments suited for
ex0-op use; any program which spends most of its time executing similar code would show this
impressive speedup. More realistically, a program might spend only part of its time executing
such code, as does Radix, in such cases speedup is not as high, but still good. The feasibility
of exo-ops depends upon the cost of implementation and the existence of problems which, when
appropriately coded, run faster on exo-op systems than on conventional multiprocessors. If the
cost and complexity is small, then exo-ops could be included on any multiprocessor; specialized
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exo-op systems would be viable if the cost were moderate and the there were enough users with
applications that would benefit.
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