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Abstract

Tightly-coupled parallel machines are being replaced with clustersodfstations con-
nected by communication natvks yielding relatiely long latencies, it ever-higher bandwidth
(e.g., Ethernet, FDDI, HiPPI, ). However, it is very difEcult to mak parallel programs
based on (Ene-grain aggte operationsyacute efEciently using a netwk that is optimized for
point-to-point block transfers.

TTL_PAPERS augments a cluster of PCs arksgtations with the minimum harcwne
needed to pnade \ery low lateny barrier synchronization and aggeee communication.For
example,UNIX user processes within a TTLAPERS cluster can perform a barrier synchroniza-
tion in 2.5 microseconds, including all soétve werhead. Thiss four orders of magnitudedter
than usingUNIX soclet connectionswer an Ethernet.

This paper presents the TTLIAPERS principles of operation, implementation issues; lo
level software interbce, and measured performance of the basic operations.

This work has been supported in part by ONR Grant No. NO001-91-J-4013 and NSF Grant No.
CDA-9015696.
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1. Introduction

TTL_PAPERS is the TTL implementation of Purdsi&dapter for Rrallel Execution and
Rapid SynchronizationAlthough it pravides su®cient support for barrier synchronization and
aggregae communication to alle a duster to e®ciently execute ®ne-grain MIMD, SIMD, or
even VLIW code, a fowprocessor TTL_RPERS unit uses just eight standard TTL chips.
®rst, it is \ery dif®cult to accept that such ixgensve and simple hardare can implementery
effective gynchronization and communication operations for parallel proces3inig. is because

the traditional vievs of parallel and distriied processing rest on a set of basic assumptions that
are incompatible with the concept:

f

rventional wisdom suggests that the operating system should manage synchronization
and communication, Ut even a smple contat switch to an interrupt handler &k more

time than TTL_RPERS taks to complete a typical synchronization or communication.
All interactions with the TTL_RPERS hardwre are 1/O port accesses made directly from
the user program; there are no OS modi®cations required and no OSvehbaal is
incurred.

Mmmunication operations are characterized primarily by Ilgt¢atal time to transmit

one object) and bandwidth (the maximum number of objects transmitted per unit time).
The hardvare and softare complgity of most interaction methods results in high lajenc
high lateny makes high bandwidth and tz& parallel grain size necessaiy contrast,
TTL_PAPERS is ery simple and yields a correspondinglyvitateny. Providing low
lateng alows TTL_FAPERS to vork well with relatvely ®ne-grain parallelism, utt it also
means that relately low bandwidth can s®ce.

Atypical parallel computer is constructed bying each processor a method of indepen-
dently performing synchronization and communication operations with other processors; in
contrast, TTL_RPERS interactions between processors are performed agaggpera-

tions based on the global state of the parallel computation, much as in a SIMD machine.
This SIMD-like model for interactions results in much simpler haadevand a substantial
reduction in softwre aerhead for most parallel programs (aasnobsered in the RSM
prototype [SiN87]). For example, message headers and dynamically-allocated message
buffers are not needed for typical TTIAPERS communicationslt is also remarkably
inexpensve for the TTL_RAPERS hardwre to test global state conditions suclaag or

all

Thus, TTL_RPERS does not perform yamagic; it simply is based on a parallel computation

model that naturally yields simpler hardrg and lwer lateng. TTL_PAPERS is not really a
network at all, lut a special-purpose parallel machine designed speci®cally\tmerov-lateng
synchronization and communication, taking full adtage of the ™loosely synchronoussue
tion models associated with ®ne-grain to moderate-grain parallelism.
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1.1. Synchpnization

The only synchronization mechanism implemented by TAPHERS is a special type of
®ne-grain barrier synchronization thacflitates compile-time scheduling of parallel operations
[DiO92] [DiC94].

Hardware barrier synchronizationas ®rst proposed in a paper by Harry Jordon [Jor78],
and has since become a popular mechanism for coordination of Mpsillel processesA
barrier synchronization is accomplished by processasuéing await operation that does not
terminate until sometime after all PEsvhasgnaled that the are wait ing. However, while
building the 16 processoASM (PArtitionable Simd Mimd) prototype in 1987 [SiN87], we real-
ized that the hardare enabling a collection of ceantional processors taxecute both MIMD
and instruction-leel SIMD? programs as actually anxéended type of barrier synchronization
mechanism. Generalizirthis barrier synchronization mechanism resulted versé nav classes
of barrier synchronization architectures, as reported in [OKD90] [OKD9Qk4jlike aher
PAPERS implementations, the TTLAPERS barrier mechanism pides only a subset of these
features; havever, these features are ®dient to enable camntional processors to ®@€iently
implement ®ne-grain MIMD, SIMD, and VLIWexecution [CoD94a].

The TTL_FRAPERS barrier mechanism also pides an dective tarmget for compile-time
instruction-level code scheduling [DiO92].

1.2. Communication

In addition to high-performance barrier synchronization, TAPPRS preides lav-
latengy communication. Thismechanism is not equdlent to a shared memory nor a cem
tional message-passing systemt bas seeral adwantages for loosely synchronous communica-
tion. Basicallyit trades asynchrgrfor lower lateng and more pwerful static routing abilities.

As a side-dbct of a barrier synchronization, each PE can place information into the
TTL_PAPERS unit and get information from whictee processaror group of processors, is
selected. Thughe sender only outputs data; it is up to the veceéo know where to look for the
data that the sender has madailable to it. In TTL_PAPERS, we further simplify the hardwue
by extending this concept so that all participating processors must agree on anditoirite
choice of what data each processor willdhavailable. Comparedio corventional netvarks, this
method allevs less autonomy for each procesdmit yields simpler hardare, better perfer
mance, and more p@rful access to global state.

1 MIMD refers to Multiple Instruction stream, Multiple Data stream; i.e., each processor inde-
pendently recutes it avn program, synchronizing and communicating with other processors when-
eve the parallel algorithm requires.

2SIMD refers to Single Instruction stream, Multiple Data stream; i.e., a single processor with
multiple function units aanized so that the same operation can be performed simultaneously on
multiple data alues.

3VLIW refers to \éry Long Instruction \td; i.e., a generalization of SIMD that alle each
function unit to perform a potentially f#ent operation on itsan data.
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The most basic TTL APERS communication operation is a multi-broadcast that sends to
each processor a bit mask containing one bit from each procdsssis a ery paverful mecha-
nism for xkamining the global state of the parallel machiA®. obvious application is for proces-
sors to ™S on what thewould like to do next. For example, it can be used to determine
which processors are ready for thetrghase of a computation or which processarald like
access a shared resource (e.g., to implement a balanced, coneict-free, schedule for access to an
Ethernet). Hwever, because ancommunication pattern is a subset of multi-broadcast, it can
also be used to implement general communication ™rguting.

In addition to one-bit multi-broadcast, sonmersions of RPERS preide the ability to get
four bits of data from gnprocessor in a single operatiotlsing a unidirectional Centronics
printer port, four bits is the theoretical maximum number of data bits that can be obtained by one
port input operation.TTL_PAPERS implements four bit sends, angere more functionality
using simple MND logic to combine signals from the processdBperations directly supported
include:

Snce TTL_FAPERS data is literally a fotbit wide NAND of data sent across all proces-
sors, computing a fotbit global NAND takes only one operationLikewise, NAND can
implement AND and OR functions by simply complementing the output or by comple-
menting the inputs.

To accomplish a foubit broadcast from a single processabirthe other processors simply
output Oxf S four 1 bits. Again, the result will be the complement of the data sent.

To accomplish a one-bit multi-broadcast, each processor sends four bits of data such that
processoi's bit i is the data it wishes to send, and the other bits are allgs: Br exam-

ple, bit 2 will be 1 for processors 0, 1, and 3; thuBNRing these signals together will
result in a signal that is the complement of bit 2 from processor 2.

In summary TTL_PAPERS preides almost nodtility for autonomous communicationsitb
does prwide a \ery rich collection of agggegte communication operations based on global state.

1.3. Interrupts

To facilitate some Ml of asynchronous operation, TTLAPERS proides a separate
interrupt broadcasgtility so that ap processor can signal the othe&uch an interrupt does not
really generate a har@ne interrupt on each processather it sets a *ag that each processor can
read at an appropriate timélthough such a check can be made attime, the tvo most olvi-
ous times are:

When a barriewait has takn an ungpectedly long time.This would indicate that one or
more processors might Ve generated an interrupt, freezing the barrier state so that other
processors wuld knav to check for an interrupt.

When the OS is woked to perform a scheduling operatiormhus, @ng scheduling and
other OS functions can be implemented byiing the OS on each processor use the-inter
rupt facility to coordinate across processors.
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The TTL_FAPERS interruptdcility provides all the necessary logic for generating an interrupt
and preiding a special dinterrupt ackwiedge barrie?

2. PCHardware

Although TTL_FAPERS preides \ery low lateny synchronization and communication, it
is interfaced to PCs using only a standard parallel printer port and is implemented with a minimal
amount of gternal hardwre. This section details the PC hardre irvolved in use of
TTL_PAPERS.

Throughout the follwing description, we will distinguish between stand-alone PCs and
PCs used as processors within a parallel machine by referring to the later & pR&sS8ssing
elements. Thelesign presented here directly supports 4 PEs (PEO, PE1, PE2, and PE3), and we
also detail hw the design can be scaled to 8, 16, or 32 REdact, no signi®cant changes are
needed to scale the design to thousands of processors (thatgastiwcture that needs to scale is
signi®cantly simpler than the barrier AND tree implemented in the Cray T3D [Cra93]).

2.1. PEHardware Interface

No changes are required to reakandard PC hardave into a TTL_RPERS PE.AIl that
is needed is a standard parallel printer port and an appropriate gdthieugh some of the PCs
on the markt provide extended-functionality parallel ports that all@-bit bidirectional data con-
nections, may PCs prwide only an 8-bit data output connectiohike the original RPERS,
TTL_PAPERS can be used withyaRC; it uses only the functions supported by a standard unidi-
rectional parallel port.

But if there is no parallel input port, wodoes TTL_RRAPERS get data into the PCPhe
answer lies in thealct that the 8-bit data output port is accompanied by 5 bits of status input and 4
bits of open-collector input/output (which are sometimes implemented as output onlyp on tw
other ports associated with the 8-bit data output poine way we use these lines, there are actu-
ally 12 bits of data output and 5 bits of data input.

All versions of both TTL APERS and RPERS use all 5wailable input lines. However,
the \arious \ersions difer in hav mary and which of output signals are useBecause the open-
collector lines are generally not as wellven as the 8-bit data output lines and require access to
a dfferent port address, we generally use the open-collector lines only for signals that are modal,
i.e., that change relasly infrequently and can a lamge settling times.The \ersion of
TTL_PAPERS discussed here uses 11 of theviladnle output lines, it only the 8-bit data out-
put port is written in the process of normal interactions with the TABERS hardwre; the 3
other bits are used only for interrupt handlifigble 1 summarizes the signal assignments for the
PC parallel port as it is used for the TTIAHERS interéce.
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Table 1: Paallel Signal Assignments

Std. Name Use In TTL_RRAPERS I/OAddress, Mask

Strobe P_NK, not interrupt ack P_PORTBASE2, 0x01
DO P_DO0,bit 0 of output gbble P_PORTBASKO, 0x01
D1 P_D1,bit 1 of output gbble P_PORTBASIO, 0x02
D2 P_D2bit 2 of output gbble P_PORTBASIO, 0x04
D3 P_D3,bit 3 of output gbble P_PORTBASIO, 0x08
D4 P_LG,light LED Green P_PORTBASEOQ, 0x10
D5 P_LRlight LED Red P_PORTBASEOQ, 0x20
D6 P_SOstrobe P_R®to 0 P_PORTBASEOQ, 0x40
D7 P_Sistrobe P_R¥to 1 P_PORTBASEOQ, 0x80
Ack P_13,bit 3 of input ybble P_PORTBASEL, 0x40
Busy P_RLD, toggling ready signal P_PORTBASEL, 0x80
PE P_12bit 2 of input rybble P_PORTBASEL, 0x20
Slctin P_11,bit 1 of input rybble P_PORTBASEL, 0x10
AutoFD P_IRQjnterrupt request P_PORTBASKE2, 0x02
Error P_10,bit O of input rybble P_PORTBASEL, 0x08
Init P_SEL,int/ready select P_PORTBASE2, 0x04
Slct reserved P_PORTBASIE2, 0x08

2.2. PEPort Bit Assignments

Although the parallel port hargwe is not altered toavk with TTL_FAPERS, the parallel
port lines are not used as yhwould be for dwing a Centronics-compatible printeFhus, it is
necessary to replace the standard parallel porérdsbftware with a drer designed to interact
with TTL_PAPERS. DBwad this end, it is critical to understand which port addresses, and bits
within the port rgisters, correspond to each TTIAFERS signal.

There are three portgisters associated with a PC parallel pdrhese rgisters hge /O
addresses corresponding to the port base address (henceforthPcBI@RTBASEPlus 0, 1, or
2. Typically, P_PORTBASHwill be one of 0x378, 0x278, or 0x3bc, corresponding to MS-DOS
printer name& PT1: , LPT2: , andLPT3: . As a general rule, most PCs use 0x378 for tbétb
in port, havever, IBM PCs generally use Ox3b&Vorkstations based on processors other than the
386, 486, or Pentium, e.g., DEC Alphas, also generally use Ox3beydrpmost of these proces-
sors map port 1/O gisters into memory addresses, so the port operations must be replaced with
accesses to the memory locations that correspond to the speci®edjistet 160 addressed-or
example, the IBM ParerPC speci®cation places 1/0 address 0x3bc wsipal memory location
0x800003bc.
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The bits within the gisterP_PORTBASEO are used to send TTLAPERS both strobe
and data &lues, as well as controlling a bi-color LED (red/green Light Emitting Diode) on the
PAPERS front panellf a PC wants to mark itself as not participating in a group of barrier syn-
chronizations, it should simply output Oxcf; this corresponds to setting P_S1, P_S0, P_D3, P_D2,
P_D1, and P_DO all equal to Notice that, if a PC is not connected to one of the TAPERS
cables, the TTL inputs will all “oat high, causing the missing PC to be harmlessly ignored in
operations performed by the PCs still connectedcontrast, setting both P_S1 and P_SO0 to 0
will ensure that all barrier operations hallh normal operation, each TTLAPERS operation is
triggered by toggling the P_S1 and P_SO lines between (P_S1=1, P_S0=0) and (P_S1=0,
P_S0=1); this can be done by simpkgleisive-oring the preious output byte with (P_S1 | P_SO0).

A PC =nds data to TTL APERS by setting the outpuyloble bits appropriately and tog-
gling the strobe lines as described aboPerforming this operation as ongeps, ®rst changing
data bits then changing the strobe bits, can be done to increase the reliability of transmission.
Data lines should begn time to settle before a weready signal is dered from the na strobe
signals. Changingtrobes and data simultaneously results in a race condition in which the data
bits have aly about 20 nanoseconds 2head st@®s mall enough majin for mary systems to
perform unreliably

The P_LR and P_LG lines are simply used to control a bi-color LED to indicate the status
of the PC relatie o the currently recuting parallel programWhen TTL_RAPERS is not in use,
both bits should be set to 0, yielding a dark LBhen a parallel program is running, the LED
should be lighted green, which is accomplished by making P_LG=1 and P_MRwh a PC is
waiting for a barrierit should male its LED red by setting P_LG=0 and P_LR41is also possi-
ble to generate an orange status light by setting both P_LG and P_LR veaterhithis setting is
used only rarely (as a 2special® status indication).

The second port gister P_PORTBASE 1, is used to recee data from TTL_RPERS.
To enhance the portability of TTL APERS to somghat non-standard parallel printer ports, only
these ®e hts are used as inpufour bits of data and one bit to act as a ready IBecause 0x40
is the only bit that can be enabled to generate a true interrupt to the PC, easienss of
PAPERS made P_RDuse 0x40 so that theAPERS unit could generate a true haadsvinter
rupt when a barrier synchronization had completedwever, this led to an incorenient order
for the bits of the inputybble, and we ner found a good use for the true haede interrupt
(because interrupt handlersveaioo much lateng), so the current arrangement raakP_RY
use 0x80.The nev arrangement is superior not only becauseségs the bits of the inpuylioble
contiguous, bt also because thevirsion of P_RLY is harmless, whereas thevamsion of an
input data line wuld require gtra hardvare or softvare to ip the iverted data bit (e.g.,xelu-
sive a with 0x80).
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Note also that P_RDis a bggling ready signalThe original RPERS unit used softave
to @reset® the ready signal after each barrier synchronization had beetdadhigs requiring
four port operations for eactAPERS synchronizationBy simply toggling P_RI¥ when each
new barrier is achieed, TTL_FAPERS can perform barrier synchronizations using juetpovt
operations.

The third port rgister P_PORTBASE+ 2, serves only one purpose for TTLAPERS:
parallel interrupt supportActually, for the reasons described earlieEFL_PAPERS neer gener
ates a 2real® interrupt to a PElowever, parallel interrupts pnade a mechanism for managing
the use of the TTL_APERS unit in a more sophisticatecyvfor example: preiding a better
TTL_PAPERS 2check-in°® proceduregcilitating abnormal termination of parallel programs,
implementing a usdevel parallel ®le system, andven gang scheduling and parallel timesharing
of the TTL_RAPERS unit.

To cause a parallel interrupt, a PC simply sets P_IRQ tddwever, other processors will
not notice that a parallel interrupt is pending unlesg éuplicitly check. This is done by chang-
ing P_SEL to 1, which causes the normal PYRBescribed abee) to be replaced by an interrupt
ready ag...until P_SEL is agin set to 0.Thus, ag PC can check for an interrupt atytime
without interfering with the operation of other PCs; feample, while delayed aiting for a bar
rier, it is essentially harmless to check for an interrupb. encourage PCs to check for an inter
rupt, the interrupting PC can set its P_S1 and P_SO0 bits to 0 (se®, dbxing barriers to be
delayed. Whemll PCs set their P_AK to 0, this simply acts to perform a special interrupt bar
rier. The extended interrupt functionality is implemented by sending an interrupt code as a side-
effect of this special barrier

3. TTL_PAPERS Hardware

Thus far, this document has focused on thaywin which PC hardare interacts with
TTL_PAPERS. Inthis section, we brie y describe the haadevthat implements TTLAPERS
itself. TheTTL_PAPERS design has been carefully minimized to use just 8 standard TTL 74LS-
series parts and to ®t on a single-layer circuit boardafshn Figure 1). The result is a remark-
ably simple design that is irgensve © huild, yet fast to operate.The logic design for
TTL_PAPERS is logically (and pfsically) dvided into three subsystemshe barrier and inter
rupt mechanism, the agg@e communication logic, and the LED display contréhe complete
circuit diagram is gien in FHgure 2. This section brie yxplains hev the required functionality
is implemented by the boasdbgic.

Page 8



January 1995 TTL_PAPERS

® T7L PAFERS

Figure 1 Circuit Board Taces, 1X Plot

3.1. Barrier/Interrupt Hardware

Although the DBM (Dynamic Barrier MIMD) architecture presented in [CoD94] [CoD94b]
is far superior to the original DBM design as presented in [OKD90a], neither one is simple
enough to be @iciently implemented without using programmable logicvides. Thus,
TTL_PAPERS uses aaviation on the SBM (Static Barrier MIMD) design of [OKD90The pri-
mary diference between the pieusly published SBM and the TTLAPERS mechanism is that
there are tw barrier trees rather than on&he reason is simply that the published SBM silently
assumed that the barrier haate would be reset between barriers, essentially by an 2anti bar
rier® In contrast, the use of tirees allavs the hardware for one tree to be reset as a sidecef
of the other tree being used, halving the number of operations needed per Batheof these
two trees are tvially implemented using a 74LS20, a dual 4-inp&N\D. Theresult is latched
by setting or resetting a 1-bitgister implemented using 1/2 of a 74LS74.

The interrupt logic is remarkably similar to the barrier logic, also using a 74LS20 and 1/2
of a 74LS74. However, there is a dference in the connection between these chipgerrupt
requests are generated by &M, and ackneledged by all PEs, while barrier synchronizations
are alays implemented by all PEsThus, to iwvert the sense of the interrupt request output from
the NAND, the interrupt logic uses the simple trick of clocking the 1-lgtster rather than set-
ting it asynchronouslyThis trick saes a dip and actually yields a slightly more gt interrupt
mechanism, because the interrupt is triggered by an edge rather thandby a le

Finally, because there are not enough input bits for each PE, the &iawlatched alues
must be independently selectable for each Plie olvious way to select betweeralues is using
a multiplexor; havever, there is no standard TTL 74LS-series part that implements selection
between tw individual bits. Instead, we construct the multipta using tvo quad drver chips
which hare autputs that can be independently set to a high-impedance $tate74LS125 and
74L.S126 difer only in the sense of their enable lines; thus, using the same select line to control

Page 9



January 1995 TTL_PAPERS

Figure 2 TTL_PAPERS Circuit Diagram

one output on each chip mexkit possible to simply wire both outputs togeth@nly the selected
signal will be passed; the other liaefriver will be in the high impedance state.

Notice also that this logic thially can be scaled to lger machines.Every 4 PEs will
require a 74LS125 and a 74LS1Zbhe 74LS74 remains unchanged, although edchip may
be needed to increasanftout of the outputs for more than 8 processdise 74LS20 MND
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gaes simply get replaced by ¢mr NAND trees. For example, for 8 processors, each 1/2 of a
74L.S20 is replaced by a 74LS30 (8 inpiMND). For 16 processors, chip count is minimized by
implementing each AND tree using a 74LS134 (12-inpuAND) and 1/2 of a 74LS20, the out-

puts of which are combined using 1/4 of a 74LS32 (quad 2-input @Rpmevhat neater 16
processor board layout results from using t#LS30 and 1/4 of a 74LS32 for each of the
NAND trees, and a 32 processor system can easily be constructed using four 74LS30 and 3/4 of a
74LS32 for each AND tree.

Although the circuitry scales toewy lage con®gurations, for a cluster containing more
than 32 machines, the circuit comyptg is high enough to arrant using a more sophisticated
design based on programmable logic components.

3.2. Aggregate Communication Hardvare

Although other ersions of RPERS preide internal data latching andrfoy communica-
tion primitives, TTL_FAPERS simply diers NANDing of the 4 data bits across the processors.

In general, there is nothing trickabout luilding these MND trees; thg look exactly as
described abae. Howeve, each NAND tree has an output that mustwdrine line to each of the
processors, and the use of refdti long cables (up to about 10 feet each) requires a pretty good
TTL driver. For the case of 4 processors, wevén@yperimentally con®rmed that the 74LS40
(dual 4-input MAND buffer) provides su®cient drive © directly powver all 4 lines, although the
signal transitions become sowteat slav (e.g., about 300 nanoseconds) as the cables getliong.

a larger system, we recommend constructing tRNR tree as described ab® and then using
741.S244 or 74L.S541 octal #@ers to increase the dg aility of the NAND outputs. With a typ-
ical cable, each drér within a 74LS244 or 74LS541 can ki to about 4 lines.

3.3. LED Display Hardware

In the APERS prototypes, we ha experimented with a ariety of diferent status dis-
plays. Havever, by far the easiest display to understaraswne using just a single bi-color LED
for each processoiThe color code isary intuitive: green means running, red meargting (for
more than tw &lock® g/cles), and black means not in uSéhe problem is that there is novidl
way to derive these color choices directly from the barrier logic, thus, the LEDsxafieidy set
under softvare control. There is also a peer light on the TTL_RPERS unit, which is a blue
LED to avoid confusion with the rest of the status display

4. PAPERS Software

Although TTL_RAPERS will be supported by ariety of softvare tools including public
domain compilers for parallel dialects of both C andifan [DiO92] [CoD94a], in this document
we restrict our discussion to the most basic hardvievel interface. Thecode gven is written in
C (the ANSI C-based dialect accepted by GCC) and is intended to be run underaerived
operating systemHowever, this interfice softvare can be adapted to mogiséing (sequential)
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language compilers and interpreters under neaglyoperating system.

The followving sections discuss the operating system imte;f TTL_RPERS port access,
the basic barrier inteaite, and h@ NANDing is used to implement data communication.

4.1. OperatingSystem Interface

Although it would certainly be possible to implement the TTAPERS softvare interbce
as part of an operating systamiernel, typical latencfor a minimal system call is between 5 and
50 times the typical lategdor the TTL_RPERS hardwre port operationS | ayering werhead
of a system call for each TTLAPERS operation wuld destry the lov lateny performance.
Thus, the primary purpose of the OS iraed is to obtain direct uskavel access to the ports that
connectto TTL_RPERS.

On older architectures, such as the 8080 and Z80, direct user access s |A2cam-
plished by simply using the port I/O instructions or by accessing the memory locations that corre-
sponded to the desired memory-mapped |/@ogeragisters. Thingsare nev a kit more com-
plex. Usinga RC based on the 386, 486, or Pentium procegswt I/O instructions are mopro-
tected operationsSimilarly, the DEC Alpha, IBM PwaerPC, and Sun 3IRC use memory
mapped I/O, bt physical addresses corresponding to 1/0 ports generally are not mapped into the
virtual address space of a user procdssne of these problems iatél, kut it can tak quite a
while to ®gure out he to get things verking right.

Thus, although the parallel printer port can be directly accessed under most operating sys-
tems, here we focus onwudo gain direct user process access to I/O ports on a 386, 486, or Pen-
tium-based personal computer running either genavix or Linux.

4.1.1. GeneriaUNIX

In general UNIX allows user processes toveadrect access to all /0 dizes. Havever,
only processes that va a sif®ciently high I/O priority leel can male such accessesk-urther
only a prvileged process can increase its 1/O priorigel& b y callingiopl() . The following
C code su®ces:

if (iopl(3)) {
* iopl failed, implying we were not priv */
exit(1);

}

However, this call grants the user program accesalltd/O, including a multitude of unrelated
ports.

In fact, this call allars the process toxecute instructions enabling and disabling interrupts.
By disabling interrupts, it is possible to ensure that all processmisdéal in a barrier synchro-
nization act precisely in unison; thus, tiverage number of port operations (barrier synchroniza-
tions) needed to accomplish some TTAPERS operations can be reducebiowever,

Page 12



January 1995 TTL_PAPERS

background scheduling of DMA diees (e.g., disks) and other interference esak hard to be
sure that aNIX system will preide precise timing constraintsem when interrupts are disabled,
so we do not adcate disabling interrupts.

Even so, performance of the barrier haagevcan be safely impred by causingunix to
give priority to a process that isaiting for a barrier synchronizatio-his improes performance
because if anone PE is dfrunning a process that has nothing to do with the synchronization,
then all PEs trying to synchronize with that PE will be delayHute priority of a prilegeduNix
process can increased by a calhiime()  with a ngaive agument between -20 and -1.

4.1.2. Linux

Although Linux supports theNix interface described in the pieus section, it also pro-
vides a more secureay to obtain access to the I/Ovaes. Theioperm() function allavs a
privileged process to obtain access to only the speci®ed port or pbasC code:

if (ioperm(P_PORTBASE, 3, 1)) {
/* like iopl, failure implies we were not priv */
exit(1);

}

Obtains access for 3 ports starting at a base port addré&ssPQIRTBASE Better still, if the
operating system is managing all parallel program interrupts, only the ®rgiotts need to be
accessible:

if (ioperm(P_PORTBASE, 2, 1)) {
/* like iopl, failure implies we were not priv */
exit(1);

Because the 386/486/Pentium haadev checks port permissions, this security does not
destry port 1/O performance; ever, checking the permission bits does add sowerhead.
For a typical PC parallel printer port, the additionaledhead is just a f@ percent, and is proba-
bly worthwhile for user programs.

4.2. Port Access

Although Linux and mostearsions ofuNIx provide routines for port access, these routines
often pravide a hiilt-in delay loop to ensure that port states do not chaserfthan thex¢ernal
device can gamine the stateConsequentlythe TTL_FAPERS support code uses itsrodirect
assembly language 1/O call$he code is:
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inline unsigned int
inb(unsigned short port)
{
unsigned char _v;
asm__ _ volatile__ ("inb %w1,%b0"
M=a" (L)
d" (port), "0" (0));
return(_v);

inline void
outb(unsigned char value,
unsigned short port)

{

__asm__ __ volatile__ ("outb %b0,%w1"
:/ * no outputs */
"a" (value), "d" (port));

}

The basic TTL_RPERS interéce is thus de®ned in terms of the \abgort operations on gnof

three parallel printer port intexfe rgisters. The following de®nitions assume that
P_PORTBASHsas already been set to the base 1/0 address for the port, which is generally 0x378
on PC clones and 0x3bc for IBMaMiePoint PCs.

I* To outputto P_PORTBASE */
#define P_OUT(x) \
outb(((unsigned char)(x)), \
((unsigned short) P_PORTBASE))

I* To input from P_PORTBASE+1 */
#define P_IN() \
inb((unsigned short) (P_PORTBASE + 1))

I* To outputto P_PORTBASE+2 */
#define P_MODE(x) \
outb(((unsigned char)(x)), \
((unsigned short) (P_PORTBASE + 2)))

It is important to note thatyen though the TTL_RPERS hardwre interrupt mechanism
does not hae © be wsed, it is necessary thatyaprocessor connected to TTLAPERS set the
mode port so that the_RDYbit, and notP_INT, is visible. Thiscan be done byxecuting:
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P_MODE(P_NAK);
As part of the TTL_RPERS initialization code.

4.3. Barrier Interface
Logically, each barrier synchronization consists obtgperations:
[1] signalingthat we are at a barrier and
[2] waiting to be signaled that the barrier synchronization has completed.

Although the TTL_RPERS library generally combines these operations, here we discuss them as
two separate chunks of cod&he code for signaling that we are at a barrier is simply:

P_OUT(last_out ~= (P_SO0 | P_S1));

This code just ips the sense of both strobe B&scausdast_out s initialized to hae aly
one of the strobe bits high, this has theeetfof alternating betweed S0 andP_S1. Nothing
else is changed, including the output data bits.

The code that actually aits for the barrier synchronization to complete igéarthan one
might expect, &en though typically only a f& instructions arexecuted. Theaeason that there is
so much code has to do with three features of the TARERS interfice. The®rst complication
is that the ready signal toggles, rather thavagd going to the samealue. Thesecond complica-
tion is that the status LEDs are scdte controlled. The third complication is that weant to
check for an interrupt whewer a barrier is excessiely delayed. The resulting code is something
like:

/* Which condition am | waiting for? */
if (last_out & P_S0) {
[* Waiting for P_RDY */
if ((P_IN() & P_RDY)) && ({(P_IN() & P_RDY))) {
/* Polled twice, make LED red */
P_OUT(last_out*= (P_LG | P_LR));
/* Continue waiting */
while (!(P_IN() & P_RDY)) CHECKINT;
/* Ok, LED green again */
P_OUT(last_out *= (P_LG | P_LR));
}
} else{
/* Waiting for not P_RDY */
if (P_IN() & P_RDY) && (P_IN() & P_RDY)) {
/* Polled twice, make LED red */
P_OUT(last_out *= (P_LG | P_LR));
/* Continue waiting */

Page 15



January 1995 TTL_PAPERS

while (P_IN() & P_RDY) CHECKINT;
/* Ok, LED green again */
P_OUT(last_out A= (P_LG | P_LR));

}

In the initial version of the support librar€HECKINTIs nothingb TTL_PAPERS interrupts are
not used.However, we can easily check for an interrupt by de®nig ECKINTas:

{
/* Make P_INT status visible */

P_MODE(P_SEL | P_NAK);
[* Check for interrupt */
if (P_IN() & P_INT) {
/* Process the interrupt.... */
} else{
/* Restore P_RDY */
P_MODE(P_NAK);

4.4. NAND Data Communication

Although the TTL_RPERS library preides a rich array of agggee communication
operations, all that the hardve really does is a simple 4-biAND as a side-ééct of a barrier

synchronization. Hwever, this operation typically requires 5 port accesses rather than just the 2

port accesses used to implement a barrier synchronization without data communi€agon.
extra port operations are required because:

When a PE changes one or more of its output data bits, the APERS hardwre
NANDs in the ne data, immediately changing the input data bits for all PHuus, if one
PE getsdr enough ahead of another PE, it could change the data beforeatbeRlbhas
been able to read the pieus NAND result. If interrupts are disabled and an initial ordi-

nary barrier synchronization is performed, then a block of data can be transmitted safely

using static timing analysis alone to ensure that this race condition does notdwcfor
tunately it isn't practical to disable interrupts undexix, so the safe solution is to folo
each data transmitting barrier with an ordinary barrier that ensures all P&Eshd the
data before anPE can change the datdhis adds 2 port operations.

The TTL_FRAPERS hardwre is fed both data and strobe signals on the same Tuus,
data and strobe signals change simultaneously they race through the cables to the
TTL_PAPERS logic and back out the cables, the TAPERS logic should ge the
NAND data at least a 20 nanosecond leag the toggling of the®_RDYbit, but is 20
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nanoseconds enough to ensure that tABIDI data doesi'lose the race¥ell, it depends

on the implementation of the PC port haaderand the electrical properties of the cables...
which is another ay of saying that the race is@icceptable. Aradditional port operation

is used to ensure that the data wins the race.

There are tw possible vays to insert thext¢ra operation.One way is to double the output
operation, so that we ®rst change the data and then toggle the sttobdas the acn-
tage that only PEs that are actually changing their datédmeed to insert theiea opera-
tion. If only early PEs change their data, we deak ay delay; havever, the asymmetry
of the PE operations can actually result in more delay than ifxtia eperation \&s
always inserted. The other alternate is to resample the AND data \alue afterP_RDY
has signaled it is presenthis is somehat more reliable than the doubling of the output
operation, bt the delay is &tays present for anPE that reads the data.

In ary case, the result is that a barrier synchronization accompanied by agaggmmmunica-
tion will take 5 port operations.For example, to perform a reliableAND with our contritution
being the 4-bit &luex, we could ®rst:

last_out = ((last_out & 0xf0) | X);

This sets the e data bits so that a barrier synchronization will transmit them along with the
strobe. Thenext step is to perform a barrier synchronization, precisely as described in section
4.3. Haring completed the barriewe know that the MND data should ne be valid, so we
resample it:

nand_esult = P_IN();

Finally, a cond barrier synchronization is performed to ensure that no PE changes its output
data until aftereeryone has read the currenAND data.

Notice thathand_esultis actually an 8-bit alue with the PAND data embedded within it;
thus, to &tract the 4-bit result we simply use:

(( nand_esult >> 3) & 0x0f)

All the TTL_PAPERS library communication operations atétupon this communication
mechanism. & example, ANY ALL, and \oting operations require just one such operation, or 5
port accessesLarger operations, such as an 8-bit global OR, 8-bit global AND, or broadcast
require 2 of the abh@ ransmission sequences, or 10 port accesses.

5. Performance

The performance of the basic TTIAPERS operations is summarized in the tablevieelo
These numbers were obtained using 486DX33-based |8IMe¥oint PCs running Linwevsion
1.1.75. Machinesvith faster printer ports obtain correspondingly higher performancegcin f
performance can be increased by nearly an order of magnitude witlyatheanchanges.
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TTL_PAPERS Operation Latency for 4 PEs Latency for n PEs
(microseconds) (micoseconds)

Patition 0.1 0.1

Barrier Synchronization 2.5 2.5

ANY Test 6.3 6.3

ALL Test 6.3 6.3

4-bit Global OR 6.3 6.3

1-bit Multibroadcast 6.3 6.3* ceil(n/ 4)

TTL_PAPERS Operation Bandwidth for 4 PEs Bandwidth for n PEs

(bytes/s per PE) (bytes/s per PE)
Broadcast 78K 78K
Permutation 20K 78K /n
Arbitrary Multibroadcast 20K-78K 78K/ (number of sowrey
Global OR 78K 78K

The primary obsemation is that the totalNix-process taJNIX-process latencis remark-
ably lov. For example, we benchmaekl a 64-processor nCUBE2 at 206 milliseconds for a sim-
ple barrier synchronizatiof 83,000 times sher than the TTL_RPERS cluster!In fact, the
minimum lateng for sending a single message on the nCUBER meported to be between 32
and 110 microseconds [BrG94], which is between 13 and 44 times as long assifdalka
TTL_PAPERS barrier synchronizatioriThe same paper [BrG94] quotes that the IntalaBon
XP/S has a minimum message lateo£240 microseconds, which is 97 times the TTAPERS
barrier lateng. Of course, ap conventional workstation netwrk will have a ninimum message
lateng of at least hundreds of microseconds, simply due to ¥ieghead ofuNix contet switch-
ing and the soai protocol.

The second obseation is that the bandwidth is nogéry impressie. Howeve, bandwidth
for TTL_PAPERS isnt really measuring the same thing as bandwidth for aentional netverk.
If you want to perform asynchronous block transfers, TRPIPRS cannot compete with a con-
ventional netvork. However, the bandwidth for the agggae operations (listed ake) is much
higher for TTL_RAPERS than for nearly grother netvork attempting to synthesize these opera-
tions. Insummaryif a program needs to perform an aggte operation, use TTLAPERS. If
it needs to do some other type of communication, use theemt@mal netvork B having
TTL_PAPERS on a cluster does not interfere witl atier netvark's goeration.

6. Conclusion

In this paperwe have detailed the design of the TTLAPERS hardwre. Thispublic
domain design represents the simplest possible mechanis@diergfy support barrier synchro-
nization, aggrgae communication, and group interrupt capabilifessing unmodi®ed coren-
tional workstations or personal computers as the processing elements of a ®ne-grain parallel
machine. V€ do not view TTL_PAPERS as the ultimate mechanismt kather as an introductory
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step tovard the more general and higher performance barrier and gaggreommunication
engines that he been at the core of our research since 1987 lkey ting to remember about
TTL_PAPERS is not what it is,ut rathemwhyit is.

Whyis TTL_PAPERS so much lger lateng than other netarks? Becausit doesnt have
a layered hardare and softare interbce. Whyis the hardware so simpleBecause it ist'a net-
work; the fact that TTL_RPERS communications are a sidéet of barrier synchronization
eliminates the need fouHering, routing, arbitration, etcWhyis it useful? Because, although
shared memory and message passing terlig \ery common, the most popular highdelan-
guage and compiler models for parallelism are all based ongatg@eration® exactly what
TTL_PAPERS preides. Furtherbarrier synchronization is theei o ®ciently implementing
MIMD, SIMD, and VLIW mixed-mode eecution. Whydidn't somebody do it earlier3Ve and
others did. The problem is that tightly coupled design of hamdsvand compiler is not the stan-
dard vay to liild systems, so earlier designs (e.\S®, TMC CM-5) tended to use too much
hardware and integce softvare, cost too much, and perform too poorly

Higherperformance ersions of RPERS are on the ay. In fact, this TTL_RPERS
design is the sixthAPERS design we ke huilt and tested, and three of the other designs easily
outperform it... but they use much more hardwe. W ae currently varking on a smart parallel
port card for the ISA ts that will roughly quadruple the performance of TTAPERS without
ary change to its hardare. W& are also pursuingersions of the highgserformance designs
based on @xas Instruments FPGAS, and anticipate a PCI im¢erfo future RPERS units.Also
watch for releases of arious compilers taeting RPERS. The WWW URL
http://garage.ecn.purdue.edu/~papers/ will be the primary place for announcing
and distriluting future releases of both harahe and softare.
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