Chapter 2
Background

This chapter describes some performance-monitoring systems that have been constructed
recently concentrating on those for shared-memory multiprocessors. Both software and
hardware systems are discussed, with the latter covering both research and commercial

systems.

2.1 Monitoring in Softwar e

Software approaches to performance monitoring can be broadly divided into intrusive pro-
filing tools, such as gprof, Mtool and Paradyn, and simulation tools such as CProf and

MemSpy The operation of these tools is described below

2.1.1 gpof

Although not intended for parallel programs, gprof [Graham82][Graham83] is described
here because it is a widely used tool for performance analysis. A compiler with gprof sup-
port can automatically annotate object code to count the number of times a subroutine is
called by each caller by storing counters in a sparse hash table. Additiaddkiy code
samples the program counter at a regular rate during execution, typically 60 or 100 Hz,
and a histogram is formed. At exit, this data is dumped to a file. The gprof program exam-
ines this file and the executable image (with the symbol table) to correlate program
counter values with subroutine names. The resulting histogram shows the statistical pro-
portion of time a program spent in each subroutine, but this does not include time spent

waiting for subroutines it invoked.

Under the assumption that a subroutine always takes the same length of time, the sub-
routine counts are used to divide its running time among its callers. This information is
presented to the user in two ways: first, subroutines are ranked by execution time, and sec-

ond, by the call-tree hierarchyhe execution time ranking is useful for identifying slow
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routines, while the call-tree format shows which parent routine calls a subroutine most
often. In this waya programmer can optimize a routine to run faster and also improve the
parent routine so that fewer subroutine calls are made. As a performance tuning tool, gprof
is good for general code and algorithm development, especially when the time complexity

of a routine is not known beforehand.

A disadvantage of gprof is that the general nature of the execution profile provides lit-
tle insight into sources of performance loss. For example, if a floating-point matrix multi-
ply routine was labeled as being very slawvould be unclear whether the floating-point
operations were slow or if poor cache behaviour was encountered. Additicdhally
inserted bookkeeping code overhead can be intrusive; we have observed code in which the
bookkeeping routine accounts for 30% of the run time. This amount of intrusion can cause
gprof data to be misleading. For example, consider that cache interference frota gprof
inserted code can inflate the execution time of a procedure beyond any other and then mis-
report it as being the bottleneck. AdditionaMarley reports that when a routine is called
by more than one parent, gprof can incorrectly attribute the running time among its callers
because of the invalid assumption made abowael¢y93]. Moreoversince sampling is
done at a relatively slow rate, the program must run long enough to capture statistically
reliable data. Consequentlglthough gprof is useful for general code and algorithm
improvement, it does not provide enough insight into the source of performance loss and

may occasionally report incorrect or misleading results.

A hardware performance monitor should strive to reduce the perturbation imposed by
a profiler such as gprof, and at the same time ensure that execution time is attributed to
subroutines and callers accurat€élne possible way is to time routines with high-resolu-

tion hardware timers instead of program counter sampling.

2.1.2 Mtool

Similar to gprof, Mtool [Goldbey93] automatically instruments a program at the object-
code level by timing the execution of important routines and adding countbesito

blocks a term that describes small segments of straight-line code which have only one



entry point and only one exit. In addition, it supports parallel programs by measuring syn-
chronization overhead and extra parallel work not present in sequential code. Mtool fur-
ther breaks up runtime by classifying execution time as either compute time or memory

overhead. This taxonomy aids the programmer during code tuning.

Basic block counting allows Mtool to predict an ideal compute time. It does this by
modelling the processor pipeline and assuming that memory references always hit in the
cache. The diérence between the ideal and actual running time is approximately equal to
the amount of memory overheaditi\the help of timing information, the memory over-

head can be divided among the proper routines.

To reduce the intrusiveness of counting every basic block, Mtool uses powerful con-
trol-flow and loop induction analysis to identify where counters should be placed. As a
result, counters are added to only a few basic blocks and other counts can be derived from
these. For example, in a loop containing an if-else statement, only the loop iteration count
and the else-path count are needed to derive the number of if-paths foll@nfedh&r
reduce overhead, loops do not always need to increment a counter after every iteration
because the initial or final value of the loop index can often be used. Additidvitdtyl
uses feedback from an initial profile to find and instrument the less frequently taken con-
trol paths. These techniques reduce basic block counting overhead to between 1% and 5%

on the SPEC and Stanford SPLASH benchmarks.

Mtool times loops and procedures via program counter sampling (in a manner similar
to gprof), high-resolution hardware timers, or both. By using both, it tries to balance the
drawbacks of sampling with the overhead of inserting timer probes. Using an initial basic
block count profile, Mtool automatically selects memory-intensive loops and procedures
that should be instrumented with timers. It also measures synchronization procedure calls
with timers, but only if they are available on-processor or if it is requested by the user
Otherwise, Mtool uses program counter sampling. Despite the variety of timing methods

supported, the authors of Mtool encourage that high-resolution timers be made available



on-processor with access latencies of 1-2 cycles because they are the preferred way to

instrument code.

The aggregate timing information collected is separated into performance loss from
synchonization ovenead load imbalance andextra parallel work. It is also used in
conjunction with the ideal compute time to estimate memory overhead in loops and proce-
dures. After optimizing where to place instrumentation code, the overhead of collecting

the timing and basic block counts together is less than 10%.

As a performance tool, Mtool imposes little intrusion and helpfully categorizes perfor-
mance loss for routines into compute time, memory overhead, synchronization overhead,
and extra parallel work. Howevehe low intrusion is based upon establishing an initial
basic block profile and performing complex control-flow analysis. Also, it is unclear if
Mtool sufers from the multiple-caller problem experienced by gprof. Additionkdtgol
gives no insight into the sources of memory overhead; for example, was it caused by many
cache misses? long memory latency? or false sharing? Both CProf and MemSpy
described shortlyapply insight into the memory overhead, but only at a significant perfor-
mance loss. Before describing them, howether Paradyn code-instrumenting tool will be

outlined.

2.1.3 Paradyn

Paradyn [Miller95] is a performance tool for parallel applications similar to Mtool. It
focuses ordynamic instrumentatiofHollingsworth94] of code, where a program is aug-
mented at key points with short instrumentation subroutines, dakltrampolinesThe
contents of the trampoline are changed dynamically at run time by a daemon process
under the control of a master Paradyn process. The contvatieh may be running on a
different computercollects data from the daemon and decides which base trampolines
require more instrumentation. It tells the daemon to modify the base trampolines to call

mini-trampolineswvhich do conditional checking and counting.

1. These terms will be defined more clearly in Chapter 3.
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The power of Paradyn is that it inspects free-running programs. In this regard, it can
measure the performance of certain routines over timdoThis, the overhead of the base
trampolines is kept small (less than 10%). This allows the Paradyn controller to adapt to
program behaviour and perform more instrumentation at the points in the program that are
consuming most of the processor cycles. This instrumentation methodology forms a part
of theW? search model [Hollingsworth93] used by the authors to detemvtie®, when
andwhy a program is performing poorI)These\/\/3 guestions shall be considered again

later as hardware performance-monitoring features are developed.

2.1.4 QPT and CPof

As parts of the University of W&consin VARTS tool set, QPT [Ball94][Larus93] and
CProf [Lebeck94] work together to give insight into cache performance on uniprocessors.
QPT provides basic block counting in much the same way that Mtool does; it can even
calculate the execution cost of proceduada gprof. HoweverQPT can also generate a
highly compressed trace file of memory references. The trace is used by CProf to perform
detailed simulations of cache activity and accredit the misses back to the source code and
data structures in which they occurred. If CProf is given the costs of a cache hit and a

miss, it estimates the performance of a routine or the whole program.

In CProf, cache misses are classified by the widely-accepted taxohmnyntro-
duced in [HillI88], as eithecompulsorycapacityor conflict misses. Compulsory misses
are caused by the very first reference and can be reduced only by reducing the total size of
data used. Capacity misses occur because the cache is too small, but they can be prevented
by decreasing the length of time data is required to stay in the cache by using blocking or
loop fusion, for example. Finallgonflict misses occur because there are too few locations
within the cache for placing particular data. Conflicts can often be reduced by placing the
conflicting data close together; rgerg two vectors by interleaving the elements is a good
example. By classifying the causes of misses and relating them back to the source code
and data structures, CProf provides the programmer wifitisaf insight to tune an

application. In fact, the SPEC benchmarks tuned in [Lebeck94] were made between 1.03
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(for eqgntott) and 3.46 (for vpenta, a benchmark kernel) times ,[fagithr an average

improvement of 1.69.

Although CProf provides very useful information, the cache simulation is admitted to
be very slow (no performance numbers were given for CProf, but QPT trace generation
alone increases runtime by a factor of 5). Despite this, the key observation to make about
CProf is that classifying misses and attributing them to the correct parts of the code and
data structures is very useful to the programierformance monitoring hardware should

strive to make comparable measurements and allow the application to run at full speed.

For convenience, the combination of QPT and CProf shall be referred to as just CProf

in the remainder of this thesis.

2.1.5 MemSpy

MemSpy [Martonosi95] produces information similar to CProf and also runs slautlit
supports parallel applications and the approach to instrumentation is Yergrdifin par-

ticular, MemSpy collects data at the procedure (rather than basic block) level and tech-
niques such akit bypassingandtrace samplingdescribed in [Martonosi95], are used to
speed up simulation. Despite these techniques, simulation of parallel programs is roughly
200 times slower after accounting for the loss due to the sequential simulation of parallel

code.

MemSpy is driven by a separate program that traces memory references, procedure
calls and returns, memory allocations, and synchronizations. Performance data is collected
at a procedural granularity and attributed to the proper code and data structures. Cache
misses are categorized as compulsmglacement (combining both capacity and conflict
misses), and invalidation by simulating the activity of the caches. The invalidation misses,
which are not measured in CProf, are a result of data sharing in a parallel pricgram,
when a processor changes a shared datum, stale copies that are present in other processors’
caches must be invalidated. If those processors re-reference that datum, a cache miss due

to invalidation occurs.
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MemSpy assumes cache misses take a constant amount of processor time, irrespective
of whether invalidations were necessary to satisfy the miss or whether any memory or net-
work contention exists. This assumption is false, because many current multiprocessors
have non-uniform memory access (NUMA) times and some programs do create hotspots.
Unfortunately NUMA, contention, and invalidation overhead are important performance

factors that make it ditult to design an &tient multiprocessor

MemSpy is an important tool because it gives greater insight into why a program is
slow than does Mtool, for instance. Howeveis very slow and it uses an unrealistic sim-

ulation of memory performance.

2.1.6 Summary

As shown, software techniques for performance monitoring range from slightly intrusive
to very slow; the finer the granularithe slower the execution speed. In all of the tools
described, the software does not account for operating system activity or system call
effects. Howeverthese décts can be significant because even a single system call can
eject a significant amount of data from the cache. In contrast, the system call and subse-

guent cache misses would be visible to performance-monitoring hardware.

Software tuning benefits from basic block profiles, program counter sampling or pro-
cedure timing, and cache miss measurements. Additipitaibyvery helpful to attribute
cache misses to the proper data structures and code fragments and to classify the cause of
the cache miss as precisely as possible. Fine-resolution clocks can be used for precise pro-
cedure timing to measure synchronization overhead, for example. Also, basic block profil-
ing makes it possible to predict ideal compute time and, consequesitipate memory

overhead.

2.2Hardwar e Monitoring in Processors

As system integration increases, monitoring hardware is able to observe less and less of

the system. For example, SUPERMON [Bacque91] was able to trace every instruction ref-
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erence because the instruction cache was on a separate chip, but all current microproces-
sors integrate this cache into the procedsofact, current systems are even putting the
second level cache in the same chip (the AlpH&2br Pentium Pro, for example). For-
tunately microprocessor designers also see the need for performance observation and
include dedicated measurement hardware in the latest designs. This section describes the

measurement facilities present in recent processors.

2.2.1 Intel Pentium and Pentium Po

Work by Mathisen [Mathisen94], which was later updated by Lédlafdloff94] and

Collins [Collins95], reverse enginee?a;bme of the Pentium instruction set and revealed
that there are two 40-bit registers dedicated for performance measurement. Each of these
registers is capable of counting one of the 42 possible events listebl@21. Addition-

ally, the counters can be arranged to count events or the number of CPU cycles spent per-
forming the events. Unfortunatelg program must be in supervisor mode to access them,

meaning a (costly) system call is usually required.

In addition to the performance counters, the Pentium processor also includes a times-
tamp counter and two performance monitorogput pins. The timestamp counter is
accessible by a user instruction and can be used for accurate timing of routines. The output
pins can be configured to toggle after any performance event or a counter ov@yflow
wiring one of these pins to an interrupt pin, software can be made reactive to performance

data.

The Pentium Pro processor enhances the Pentium counter feature set and has even
added a usdevel instruction to read the performance counters. Furthesin internally
generate an interrupt when a counter toggles or overflows, thus obviating one of the uses

of the Pentium output pins.

2. This information is contained within Inteinfamous Appendix H of the Pentium Usdvlanual which is
not publicly available. Consequentthie counter functions described here may be inaccurate.
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Index Event Index Event

0 data read 15 pipeline flushes

1 data write 16 instructions executed in both pipes

2 data TLB miss 17 instructions executed in the v-pipe

3 data read miss 18 bus utilization (clocks)

4 data write miss 19 pipeline stalled by write btdr overflow

5 write (hit) to modified or exclusive 1A pipeline stalled by data memory read
state lines

6 data cache lines written back 1B pipeline stalled by write to modified or

exclusive line

7 data cache snoops 1C  locked bus cycle

8 data cache snoop hits 1D /O read or write cycle

9 memory accesses in both pipes 1E  noncacheable memory reference

A bank conflicts 1F  AGI (address generation interlock)

B misaligned data memory references 20  unknown, but counts

C code read 21  unknown, but counts

D code TLB miss 22  floating-point operation

E code cache miss 23  breakpoint 0 match

F any segment register load 24 breakpoint 1 match

10 segment descriptor cache accesses 25 breakpoint 2 match

1 segment descriptor cache hits 26 breakpoint 3 match

12 branches 27 hardware interrupt

13 branch taget bufer (BTB) hits 28 data read or data write

14  taken branch or BTB hit 29  dataread miss or data write miss

TABLE 2.1. Intel Pentium performance-monitoring counter inputs.
2.2.2 DEC Alpha 21064

The DEC Alpha 21064 processor [Digital92] includes two 32-bit counters that can count a
total of 17 diferent events. Interestingliwo of the events are for counting the number of
cycles a dedicated pin is asserted. This allows external events to be counted with high-
speed on-chip registers, and is ideal for giving software low-latency access to performance

data. Unfortunatelythe counters are only available in supervisor mode.

A summary of the countable events is givenabl€2.2. In addition to these counters,
the 21064 includes a dedicated 32-bit timestamp counter which can be used for precision

timing.
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Performance Counter O Performance Counter 1

Index Event Index Event
0,1 total instruction issues / 2 0 data cache miss
2,3  pipeline dry (no instructions ready for 1 instruction cache miss

issue, caused by cache miss, mispre-
diction, exception, delay slot)

4,5 load instructions 2 dual issues
6,7 pipeline frozen (no instructions 3 branch mispredictions
issued due to resource conflict)
8,9  branch instructions 4 floating-point instructions
total cycles 5 integer operations
B PALmode cycles 6 store instructions
C,D total non-issues /2 7 external input pin

E,F external input pin
TABLE 2.2. DEC Alpha 21064 performance-monitoring counters and inputs.

2.2.3 MIPS R4400 and R10000

Rather than provide on-chip counters, the MIPS R4400 [Heinrich94] brings pipeline status
information to externally observable pins. Although it requires some hardware design
effort, off-chip counters can be built to keep track of the 1fediht pipeline events listed

in Table2.3. This feature is convenient because system designers can build 15 dedicated
hardware counters and capture all information about a program in one pass, compared to
most other microprocessors which only provide two counters. The R4400 also provides a
32-bit cycle counter for high-precision timing. An interrupt can be raised when the cycle
counter reaches the value stored in a compare register — this is very useful for high-reso-

lution program counter sampling, for example.

Interestingly the next-generation MIPS processtre MIPS R10000 [MIPS95],
removes the pipeline status pins and provides two dedicated on-chip 32-bit counters
instead. The events these counters magrstoown in &ble2.4,.are similar to the R4400
events except for a few additions. First, dedénce is drawn between issued instructions
and graduated instructions. This distinction is important because not all instructions that
are issued will graduate due to speculative execution. These measurements give feedback

to the processor and compiler designers on tfextefeness of the dynamic and static
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Index Event Index Event

0 other integer instruction 8 other stall — write bdér full?

1 load instruction 9 primary instruction cache stall

2 untaken conditional branch A primary data cache stall

3 taken conditional branch B secondary cache stall

4 store instruction C other floating-point instruction

5 reserved D branch delay instruction killed

6 multiprocessor stall E instruction killed by exception

7 integer instruction killed by slip F floating-point instruction killed by slip

TABLE 2.3. MIPS R4400 externally observable events.
scheduling of instructions. A second addition to the event table vgatheedictionentry
The secondary cache is two-way set-associative, with the two ‘way’ tag comparisons done
sequentially in time (in other products, they are done in parallel). This event measures the
effectiveness of thevay pediction tableto predict which way to check first. The third
addition is the inclusion of cache state events, such as counting external intervention or
invalidate hits. These events may indicate performance loss due to multiprocessor data

sharing conflicts and can be useful for tuning parallel progﬁ.ams

The MIPS processors allow the operating system to grantawsdraccess to the per-

formance counters and timer on a-pevcess level.

2.2.4 Hewlett-Packard RA-RISC

Hewlett-Packard has deemed performance monitoring hardware important enough to
reserve room in theAPRISC instruction set architecture (ISA) [HP94] and to define a per-
formance monitor coprocessor and interrupttoTspecific instructions are currently
defined,PMDI S andPMENB, to disable and enable data collection respectivigig per-
formance monitor coprocessor is left as an implementation-defined unit, but additional

room is left in the ISA for future standardized extensions. Further details about the HP

3. It will be shown in the Invalidation Misses portion of Subsection 3.3.2 that counting these is not as useful
as it may seem.
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Performance Counter O Performance Counter 1

Index Event Index Event
0 cycles 0 cycles
1 issued instructions 1 graduated instructions
2 issued load/prefetch/sync/cacheop 2 graduated load/prefetch/synch/cacheop
3 issued stores 3 graduated stores
4 issued store conditionals 4 graduated store conditionals
5 failed store conditionals 5 graduated floating-point instructions
6 decoded branches 6 guadwords written back from primary data
7 gquadwords written back from secondary cache 7 TLB refill exceptions
8 correctable ECC errors in secondary cache 8 mispredicted branches
9 instruction cache misses 9 data cache misses
A secondary cache misses (instructions) A secondary cache misses (data)
B secondary cache misprediction from way pre- B secondary cache misprediction from way
diction table (instructions) prediction table (data)
external intervention requests C external intervention hits
D external invalidate requests D external invalidate hits
E virtual coherency condition E stores or prefetches with store hint to
CleanExclusive secondary cache blocks
F instructions graduated F stores or prefetches with store hint to shared

secondary cache blocks
TABLE 2.4. MIPS R10000 performance-monitoring counters and inputs.

performance monitors are kept confidential, but some insight may be gained by looking at

the Convex SPP systems described in Setidb.

2.2.5 Sun SRRC

The first SRRC implementation to contain performance monitoring functions is the
SuperSRRC Il [Sun95]. This implementation includes a high-precision cycle counter and
an instruction counteFrom [Sun95], it is unknown whether these can only be accessed at
the supervisor level. The more recent UltrABE | design claims to contain ‘perfor-

mance instrumentation’, but it is not clear whether it provides any additional features.

Like the R4400, the SuperSRC | and Il contain special-purpose pins that permit
observation of pipeline events. A total of 10 signal pins are defined in SAsCIR”ANd

this is extended into 48 signals, divided into 4 groups and multiplexed onto 12 pins, in
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SuperSRRC II. Despite the layer number of signals, the functionality of these pins is
roughly similar to the MIPS R4400 outputs.

2.2.6 IBM/Motorola/Apple PowerPC 604

The latest PowerPC chips, the 604 [Motorola94a][Motorola94b] and the forth-coming
620, contain two performance monitoring counters, a dedicated cycle ¢ca@nuet spe-

cial address sampling registers. The counter inputs for the 604 are describbbk 5T

The sampling registers are useful for applications like gprof which periodically sample the
program countembut the idea is extended to cover the most recently accessed data address

as well.

The PowerPC 604 has two other interesting features. First, a performance monitoring
interrupt (PMI) can be caused by the counters overflowing (defined as becoming negative)
or by a threshold event, which is defined as a primary cache miss which is not serviced
within thresholdcycles, a programmable value between 0 and 63. When a PMI occurs, the
sampling registers point to the instruction and most recently accessed data address. Sec-
ond, there are four special counter events (9, A, 17, 18) to measure misses that took too
long to be satisfied. The tBfence between counters 9 and 17, for example, is that event 9
is counted if the pin L2_INT is asserted, otherwise event 17 is counted. The pin is
intended to signal that another L2 cache controller on a snoopy multiprocessor bus is
sending the response, but it nee¢di® used that wayAnother use for it would be to indi-

cate that the memory was in contention or that the network was busy

Unfortunately these performance monitoring facilities are not defined in the PowerPC
architecture, so it is not guaranteed whether they will be present in the future. Conse-

guently all performance counters are restricted to superaisiyraccess.

2.2.7 1BM POWER2

Of all current processors, IBEIPOWER?2 contains the most performance monitoring fea-
tures [V\elbon94]. A total of 22 counters are available: one cycle cquorier‘correctable

memory errorcounter (which relates more to reliability-performance), and five counters
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Event Index

do nothing, hold value in counter 0
processor cycles

instructions completed per cycle

real-time counter extension

instructions dispatched

1
2
3
4
instruction cache misses 5
data TLB misses 6
branches mispredicted 7
reservations requested 8

9

load data cache misses which took more
thanthresholdcycles and were satisfied
by another L2 cache

store data cache misses which took more A
thanthresholdcycles and were satisfied
by another L2 cache

mtspr instructions B
sync instructions C
eieio instructions D
integer instructions E
floating-point instructions F

LSU produced result without exception 10

SCIU1 produced results 11
FPU produced results 12
instructions dispatched to LSU 13
instructions dispatched to SCIU1 14

instructions dispatched to FPU
snoop requests received

marked load data cache misses which
took more tharthresholdcycles and
werenot satisfied by another L2 cache

marked store data cache misses which
took more tharhresholdcycles and
werenot satisfied by another L2 cache

19

Performance Counter 1

Event
do nothing, hold value in counter

processor cycles
instructions completed
real-time counter extension
instructions dispatched
load miss cycles

data cache misses
instruction TLB misses
branches completed

reservations obtained

mfspr instructions dispatched

icbi instructions

pipe-flush operations

branch unit produced results

SCIUO produced results

MCIU produced results

instructions dispatched to branch unit
instructions dispatched to SCIUO
loads completed

instructions dispatched to MCIU

snoop hits

TABLE 2.5. PowerPC 604 performance-monitoring counters and inputs.

in each of four functional units. The 20 functional unit counters can each observe one of

16 different items, for a total of 320 observable events. In addition, a special mode exists



20

where 21 counters (all except the cycle counter) are dedicated to memory performance

metrics of the storage control unit (SCU).

From [Welbon94], it is not known whether a udevel process has access to these

counters, and precise details about thied#ht counter events are not available.

2.2.8 Pocessor Summary

A summary of the performance-monitoring features found in current processors is pre-
sented in @ble2.6. Where information about a processor is not known, the entry is shown
as a question mark. As seen from the table, two performance-event counters and a times-
tamp counter are common. Unique features among processors include the Banttum’

put pins, Alphas input pins, PowerP€’sampling registers and threshold conditions, and
POWERZ2S reliability counterPositive trends are providing udevel access to counters

and, as a result, instruction set architecture definitions for accessing them.

Pentium Alpha R4400 R10000 PA-RISC  Super PowerPC POWER2

SPARC
Il

No. counters 2 2 0 2 ? 1 2 21
Total No. 42 17 0 32 ? 1 41 321+21
Events
Events per 42 9/8 0 16/16 ? 1 24/20 16+1
Counter
Counts n y n n ? n n n
External
Events?
Timestamp
Counter? y y y y y y y y
Userlevel timer n y y start/stop ? timer ?
Access? only only only
Performance y y y y y ? y y
Interrupt or (wiring (timer  (timer
Exception? required) only)  only)
Externally n n y n ? y n n
Observable
Events?
ISA n n ? n n
Definition? Y y Y

TABLE 2.6. Overview of performance-monitoring featues on curent processors.
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2.3Hardwar e Monitoring in Systems

This section describes hardware performance monitoring features that have been included
in recent parallel computing systems. First, the He@&SH and M-Machine research
systems are described. These are followed by commercial systems frQré @ragx and

KSR.

2.3.1 University of Toronto Hector

Hector [anesic91][Stumm93] is a shared-memory multiprocessor with a hierarchical
organization. At the lowest level, a proces3f®, and globally-addressable memory are
coupled togetheThese processonemory modules are connected by a bus to fosta-a

tion, and stations are connected via a hierarchy of bit-parallel unidirectional rings obeying
a slotted-ring protocol. The processors, 20 MHz Motorola 880@G@ich have 16KB of
instruction and data cache memdwyt no cache coherence is provided in hardware. Per-
formance monitoring is done with a plug-in card that connects to either the instruction or

data cache/memory management unit (CMMU) sockets.

Hector Hardware Monitoring: SUPERMON

By plugging into the CMMU socket, SUPERMON [Bacque91] is able to snoop on all pro-
cessoito-memory trafic. In particulay all cache activity is observable, including instruc-
tion fetches. This provides SUPERMON with the ability to perform exact program

counter sampling, for example.

A block diagram of SUPERMON is shown in Fig@&d. SUPERMON data collection
is based upon two banks of 32K deep by 48-bit wide SRAM to be used as counters or for
trace data storage. In trace mode, the memory is triggered by a programmable state
machine which takes inputs from control signals and the virtual address. The trace data
contains either the 30-bit address and a 16-bit timestamp or 8-bits afefised state
data and a 40-bit timestamp. The state data is a function of address and control signals.

The logic to control the state machine, control signals, and address trigger is all performed
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with additional cascaded SRAMs. Performance of the cascaded SRAM is maintained by
inserting registers between them and pipelining the design. This approach was chosen
over using RLs because SRAM provides good logic capaginedictable performance

and is easier to reprogram.

«» Trace/Histogram
& SRAMand
I Increment
Control = Logic
control : i 4
; +} Signal Timer/Trace
signals 30 Engoder Counter addr _ data
Address State \|
™ Encoder Machine 15 J
address mlp
Arithmetic
Unit 30
trace data ,
730

FIGURE 2.1. SUPERMON block diagram.

In histogram mode, the SRAM-based counter banks are interleaved because of speed;
reading, incrementing, and writing a counter takes 2 cycles. The histogram counters are
effective for counting:

* how much time is spent in a certain udefined state (there are 32K possible

states),

» histogram latency; how often an operation takes 1 cycle, 2 cycles, ..., up to 32K
cycles, or

* histogram absolute addresses, addresses relative to a fsetd @f sequential
address ditrences.
By building a histogram of addresses relative to a fixdésetfit is easier to monitor
accesses to data structures like an array which can have an arbitrary starting address.
Additionally, an interesting feature is provided while histogram data on addresses is col-
lected: the bucket size can be constant, by shifting the address through a barrebshifter

can be variable by re-encoding the address into a floating-point representation. This
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encoding extends the dynamic range of the histogram to cover the entire memory space

while still providing fine-sized buckets in a region of interest (denoted by the fitsed) of

Using SUPERMON

SUPERMON is controlled by a 68000-based microcomputer board, called Gizmo; both
the data-collection SRAM and the “programmable-logic” control SRAM are read or writ-
ten in this manneifo program SUPERMON, a C program is compiled and run to generate
the appropriate data that is loaded into the control SRAM via the Gizmo. Sinpkenfigr-

mance data is only available to the Gizmo compirertunately Gizmo has an Ethernet
interface, so the performance data can be transferred to a workstation. This arrangement,
however effectively prevents a program running on Hector from examining its own per-
formance data. This precludes the use of adaptive programs on,dediee data is only
useful for of-line performance tuning of an application. A benefit of this architecture,
though, is the ability of a single workstation to nonintrusively and continuously collect
data from multiple SUPERMON nodes via the Ethernet. This can be useful to characterize

the machine workload or to check the mactampeErformance over time.

2.3.2 Stanford DASH

DASH [Lenoski92] is a cache-coherent shared-memory machine. The lowest-level node
consists of four 33 MHz R3000 processors connected to memory and an interconnection
network interface over a 16 MHz bus. Each processor contains 64 KB of instruction and
64 KB of write-through data cache backed by a 256 KB write-back second level cache.
The network interface holds cache directory information and uses a two-dimensional
mesh interconnect. The DASH performance monitor is placed on the directory cantroller
one of the two network interface boards on the bus. The monitor consists of two banks of
SRAM-based counters, a DRAM-based tracefdyufand a programmable controller
Unlike SUPERMON, the DASH monitor is ganized to permit every processor in the
machine read access to the collected data. A block diagram of the monitor is illustrated in

Figure2.2.
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FIGURE 2.2. DASH performance-monitoring hardware.

The SRAM-based counters take two cycles to operate: one to fetch and one to incre-
ment and write back. The two banks can be interleaved to count an event that may change
every cycle, or they can be used independently to count less frequent events. Each bank is
16K deep and 32 bits wide, providing approximately four and a half minutes of continuous
operation before overflowing. The counters can be used to count events, where the address
is formed by concatenating fiifent event bits, or as a histogram array where the address

comes from a counter in the programmable controller

In addition to the counters, a trace fleufprovides a detailed history of bus activity
The trace bdér DRAM, omganized as 2M by 36 bits, is deep enough to capture informa-

tion for over one-half a second; if longer traces are desired, the operating system must sus-
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pend all process activitgump the bdér to disk, and resume the processes. A common
use of the trace bidr is to capture read and write requests, including the address and pro-
cessor numbeAnother use adds the directory controBePROM address and the time

since the last request to each trace eths halving the éctive bufer size.

The programmable controller is an SRAM-based FPGA, the Xilinx XC3080. T
change the monitoring mode or triggering conditions, the FPGA is reconfigured with a dif-
ferent circuit. For example, the SRAM can count 14 independent events by directly form-
ing the address with the 14 signals. AlternativBRAM can be used as a histogram array
by implementing counters in the FPGA and using them to form the address. Although this
is a flexible approach, there are two drawbacks. First, reconfiguration time is on the order
of 100 ms, so a program cannot frequently change the monitoring mode. Second, a soft-

ware programmer must design a new hardware circuit if one da@éwady exist.

2.3.3 MIT M-Machine

M-Machine [Dally94] is a multiprocessor currently being designed at MIT to support
massive parallelism. Up to 64K compute nodes are connected in a three-dimensional
mesh. Each compute node consists of a custom procassaiti-ALU processor aviAP,

and 8 MB of memoryThe MAP consists of four executi@tustersand a switch matrix
connecting them to four cache banks. Each cluster contains an ,imegeory and float-
ing-point unit as well as integer and floating-point register filaghikVeach clusteran
instruction can dispatch up to three operations. Also, each cluster can quickly switch
between four user threads, an exception handling thread, and a system thread. The
machine dectively supports a message-passing model, but it can also simulate a cache-
coherent shared-memory model by using a small amount of support hardware along with

the fast exception support and special system software.

The MAP also contains counters for performance evaluation. System software must be
called to write or configure the counters, but teeel software can quickly read them.

There are two 64-bit counters: a processale counter and an event countesing
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numerous mask fields, the event counter can be configured to count one or a combination

of events. The mask fields select:

1. which operation unit and which thread slot (cowysration$
2. which thread slot (countastructiong

3. which cache bank and which access type (counts cactesses,eads,
writes, hits, and/or missgs

4. which network event type (message send, flit send, message receive, flit
receive, buer allocates, event queue entries, overflows), which network pri-
ority level, and which thread slot (coumstwork evenjs

5. local TLB or global TLB hits (count3LB hits— misses are counted by
software)

2.3.4 Cray Reseath Inc.

Cray Research produces two types of parallel computers: parallel vector machines and
parallel scalar machines. The parallel scalar machines, the Cray T3D and T3E, use the
DEC Alpha microprocessors and do not have any hardware monitoring features (even the
Alpha’s internal counters are unused) so all performance debugging is done with software

tools. The vector machines contain custom features and are described below

The classic line of Cray supercomputers, from the TRAMP up to the CRX
Y-MP C90, have all had performance monitoring capabilities [Cray92]. These computers
are shared-memory vector processors. Rather than cache mémgrizave instruction
buffers and vector registers; no coherence is maintained. The main memory is highly
interleaved and tuned to deliverdarblocks of data at very high bandwidths to quickly fill
the instruction bdér and vector registers. Instructions are obtained from the instruction
buffer and can operate either on normal scalar data or on vectors up to 64 eleménts long
If an instruction demands use of a particular vector register or functional unit, for instance,
it is delayed until the resources are free; this is caidding issueand is typical because

vector operations can take many cycles to complete.

4. The Cray YMP C90 can operate on vectors containing up to 128 elements.
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The performance-monitoring counters are 48-bits wide. Initi@lhay divided up the
counters into four groups of eight, and only one group could be counted at a time. The
CRAY Y-MP C90 removes this restriction and provides 32 dedicated counters, shown in
Table2.7. Although the grouping of the events has changed from machine to machine,

there has been little change to the event list itself.

2.3.5 Convex Computer Corporation

The Exemplar Scalable Parallel Processing (SPP) systems by Convex [Convex94] are dis-
tributed shared-memory cache-coherent machines. At the lowest level, up to eight proces-
sors and caches are connected to memory using a high-speed 5 x 5 crossbar forming a
hypernode Currently there are two types of hypernodes available which can be freely
mixed in a system, but they fiif in the processor used and performance monitoring capa-
bilities. Up to 16 hypernodes can be tightly coupled using four SCI rings to provide a sin-

gle shared-memory system.

The performance monitoring features of the two Exemplar hypernodes are described
in [Convex95]. For timing, both systems contain a high-precisiopq&essor timer and
a separate pdrypernode timerAdditional performance-monitoring capabilities are spe-

cific to each system, so they are described separately.below

Exemplar SPP-1000

The SPP-1000 hypernode, based on the Hewlett-Packard@ processohas two per-
formance-monitoring registers. One register may count cache misses, including any com-
bination of local (same hypernode), remote (other hypernode), read or write misses.
Alternatively it can also count the number of hardware messages sent or the number of
coherence requests sent and/or received. The other register can measure total cache miss

latency but only when the first is counting cache misses.



Counter Group Counter  Event

number of: 0 clock cycles

1 instructions issued
2 clock cycles holding issue
3 instruction bufer fetches
4 CPU port memory references
5 CPU port memory conflicts
6 I/O port memory references
7 I/O port memory conflicts

number of cycles holding 8 A registers

Issue for. 9 S registers
A V registers
B B/T registers
C functional units
D shared registers
E memory ports
F miscellaneous
number of instructions: 10 000-004 (special)
11 branches
12 A-register instructions
13 B/T memory instructions
14 S-register instructions
15 scalar integer instructions
16 scalar floating-point instructions
17 S/A register memory instructions
number of operations: 18 vector logical

19 vector shift/pop/LZ
1A vector integer adds
1B vector floating multiplies
1C vector floating adds
1D vector floating reciprocals
1E vector memory reads
1F vector memory writes

TABLE 2.7. CRAY Y-MP C90 performance-monitoring counters.
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Exemplar SPP-1200

The SPP-1200 hypernode uses the more recent Hewlett-Pagk@&D® processors and

has more performance monitoring features. A total of four registers can count from a vari-

ety of events. One of these registers counts any combination of local, remote, read, and
write cache misses (this is similar to one of the Exemplar counters). The other three

counters select from the seven eventsahl@2.8. Additionally one of these three regis-

ters can also count instruction or data cache miss latencies.

Index Event
0 data cache accesses

data cache misses
instruction cache misses
data TLB misses

instruction TLB misses

g h W N P

pipeline advances (slightly overcounts instructions
issued — it likely includes pipeline slips)

6 processor cycles

TABLE 2.8. Convex Exemplar SPP-1200 performance-monitoring counter inputs.

2.3.6 Kendall Squae Reseath

The KSR1 [KSR92a] and KSR2 machines by Kendall Square Research are interesting
multiprocessors because they implement a cache-only memory architec@@ayiér To

support COMA, KSR designed a custom procesgbe processors are connected in a
hierarchical ring structure: up to 32 processors are connected together on the first-level
ring and up to 34 rings can be connected by a second-level ring. Before describing the per-
formance monitoring features on the machine, it is first necessary to describe how COMA

works.

Thelocal cachecoupled to each processakin to main memorys 32 MB of DRAM.
This should not be confused with the proce'ssdata subcachewhich is essentially a
normal data cache. When a processor accesses memory and it misses in the local cache, a
page-sized chunk of 1B is allocated in the local cache. Cache-coherence hardware

searches for the address throughout the system, first on the local ring and then on remote
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rings. If found, a copy of the 128 bydabpagesimilar to a cache line, is copied or moved
to the local cache. For details concerning actions taken when the address is not found, or

what is done to the displaced page, the reader is referred to [KSR92a].

Performance Monitoring

The KSR processpwhich is identical in KSR1 and KSR2 except for clock speed, is rich
in performance-monitoring counters [KSR92b]. Fourteen 64-bit counters are implemented
in hardware and four measurements are taken in software for every thread. The hardware
counters are described iafile2.9. Additionally the operating system counts the number
of page faults and processor migrations experienced by every thread. Also, the number of
page hits is computed in software by adding subpage hits and subpage missestHénally
compiler inserts code to measure the number of instructions executed, but this information
is not normally accessible and must be extracted by inserting special assembly code [Man-
jikian95].

Index Event

1 user clock cycles / 8

wall clock cycles / 8
stalled cycles due to instruction fetch miss
cycles lost to instructions ‘inserted’ for I/0O and timer interrupt processing
cycles lost to instructions ‘inserted’ for cache coherence processing
subpage hits
page misses
subpage misses
subpage miss time
data subcache subblock migge.( data cache misses)

subpage misses which are satisfied through the second-level ring

issued prefetches

mM m O O @ >» © oo o o »h N

issued prefetches that miss in the local cache & potentially useful prefetch)

[N
o

issued prefetches to an address that are currently outstaneingséless prefetches)

TABLE 2.9. KSR performance-monitoring counters.
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2.4Summary

A number of software and hardware performance tools have been described in this chap-
ter. On the software side, a program may be profiled by counting basic blocks and using
program sampling or high-resolution timers with an overhead within 10%, but detailed
information about cache activity and multiprocessor data sharing is not available. The
more detailed software tools are extremely useful for this because they can correlate cache
misses to exactlywhere the misses are in the program code and data, and also ivdigate

the cache misses occtifowever their main drawback is that they are roughly two orders

of magnitude slowerAdditionally, software techniques often ignore details such as net-
work or memory contention and the highly-variable memory latency of a cache-coherent
NUMA multiprocessarAdding these features would likely reduce speed by another order

of magnitude. The extremely slow nature of these tools hinders their usability

With respect to processors, performance monitoring features are becoming quite com-
mon. The latest processors include performance counters as well as a high-resolution
timestamp counteHowevey some designs have hindered the usability of these counters
by requiring privileged access to them. Furthermore, the majority of processors contain
only two counters. Also, most counters are set up to have asymmetrical sets of input
events so they cannot measure an arbitrary pair of performance events. Since obtaining
good utilization of resources is key to performance, more area should be devoted to per-
formance-observing hardware. A greater number of counters and improved performance-
monitoring features would make it much easier to tune a program. If the monitoring fea-

tures are not easy to use, many programs will never be tuned.

Multiprocessor systems also include performance monitoring features. Research sys-
tems have included tracing ability along with SRAM counters and histograms, but com-
mercial systems focus specifically on counting the type of instructions issued and cache
misses. Howeverew systems measure network or memory contention; the closest mea-

surements are Cray memory conflicts and the KSR or Convex miss latencies.



