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Evolution and Convergence of Parallel Architedures

Fundamental Design Issues

Convergence of Parallel Architedures




Histor

Historicdly, paral el architedurestied to programming models
* Divergent architedures, with no predictable pattern of growth.

Appli cation Software

e oftware’ % SIMD
Arrays
el \ T Messge Passing
Datafl ow

Shared Memory

» Uncetainty of diredion paralyzed parald software development!

Today

Extension d “computer architedure” to suppat communicaion
and cooperation

« OLD: Instruction Set Architedure
« NEW: Comnunication Architedure

Defines
« Criticd abstradions, boundaries, and primitives (interfaces)
« Organizational structures that implement interfaces (hw or sw)

Compilers, libraries and OS are important bridges today




M odern L ayered Framewor k

CAD Database Scientific modeling Parallel applications

Multiprogramming Shared Message Data Programming models
address passing parallel

Compilation | N~ )
Communication abstraction

or librar
rary User/system boundary

Operating systems support

— Hardware/software boundary
Communication hadware

Physical communication medium

Programming M odel

What programmer uses in coding applicaions

Spedfies communication and synchronization

Examples:
« Multi programming: ho communication a synch. at program level
« Shaed addess pace likebuletin baard
» Message passng: like letters or phore cdl s, explicit point to point

- Data parallel: more regimented, global adionson data
- Implemented with shared address space or message passng




Communication Abstraction

User level communicaion primitives provided
« Redi zes the programming model

« Mapping exists between language primitives of programming model
and these primitives

Suppated dredly by hw, or via OS, or via user sw
Lot of debate ebou what to suppat in sw and gap between layers
Today:
« Hw/sw interfacetends to be flat, i.e. complexity rougHy uniform
» Compilers and software play important roles as bridges today
» Techndogy trends exert stronginfluence
Result is convergencein organizationd structure
- Rdatively simple, general purpose communicaion primitives

Communication Architedure
= User/System I nterface + | mplementation

User/System Interface
« Comm. primitives exposed to user-level by hw and system-level sw

Implementation:
« Organizational structures that implement the primitives. hw or OS
» How optimized are they? How integrated into processng nodak?
» Structure of network

Godls.
- Performance
« Broad appli cability
» Programmability
- Scdahility
« Low Cost




Evolution of Architedural Models

Historicdly madines tail ored to programming models

« Prog. moddl, comm. abstradion, and madhine organizaion lumped
together as the “achitecure”

Evolution helps understand convergence
« ldentify core mncepts

« Shared AddressSpace
« Message Passing
- Data Parall e
Others:
» Dataflow
« Systolic Arrays

Examine programming model, motivation, intended appli caions, and
contributions to convergence
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Shared AddressSpace Architectures

Any procesor can diredly reference aty memory locaion

« Communicdion accurs implicitly asresult of loads and stores
Convenient:

« Location transparency

« Similar programming model to time-sharing a uniprocessors
— Except processs run on different processors
- Good throughput on multiprogrammed workl oads

Naturally provided on wide range of platforms
« History dates at least to preaursors of mainframesin ealy 60s
» Wide range of scde: few to hundreds of processors
Popuarly known as shared memory maaines or model
« Ambiguows: memory may be physicdly distributed among processors
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Shared AddressSpace M odel

Process virtual address paceplus one or more threads of control

Portions of address paces of processes are shared

Virtual address spaces for a Machine physical address space

collection of processes communicating

via shared addresses P, private
o ]
Common physical
] ddresses
P
P
1
Store
P private
Shared portion
of address space

\—Ce*\, Ry private
«Writes to shared addressvisible to other threads (in other processs
too)

«Natural extension d uniprocesors model: conventional memory

operations for comm.; spedal atomic operations for synchronizaion
+OS uses shared memory to coordinate processes
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Communication Hardware

Also natural extension d uniprocessor

Alrealy have processor, one or more memory modules and 1/0
controll ers conreded by hardware interconned of some sort

110
devices

| Mem ] | Mem ] | Mem ] | Mem ] | 1/0 ctrl ] | 1/0 ctrl ]

I I
C Interconnect )

| Processor | | Processor |

Memory cgpadty increased by adding modues, I/O by cortrollers
-Add processors for processng!

«For higher-throughpu multiprogramming, or parallel programs
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Histor

“Mainframe” approach
» Motivated by multi programming
« Extends crosdar used for mem bw and 1/0
« Originally processor cost limited to small 7
- later, cost of crosar 1o cud
 Bandwidth scales with p el
« Highincremental cost; use multistage instead @ @ @ @

Ll

“Minicomputer” approach
« Almost al microprocessor systems have bus
» Motivated by multi programming, TP
» Used heavily for parald computing o o
« Cadlled symmetric multi processor (SMP) I—?‘ @
« Latency larger than for uniprocesor <
+ Busis bandwidth bottlenedk
- cadingiskey: coherence problem
« Low incremental cost

o]t
i

o Lol
B
-~ B
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Example: I ntel Pentium Pro Quad

CPU
Memory board poPro P P
Interrupt | 256-KB module module module
controller | L2$
Bus interface

SIMM slots

< P-Pro bus (64-bit data, 36-bit address, 66 MHz) >

Pontium Pro 166MHz

PCI PCI Memory
2CPUBoard = bridge bridge controller
Control panel
N - Ontoll switch PCI El
Slot far 2nd processor board + Keyboard luck. 110 = MU
. , * Reset button card: S
ear panal: 1-, 2-, or 4-way
«2 Seriol ports interleaved
« 1 Parallel port b DRAM
= 1Vidao port -
Keylock
€ PCI bus master slots
All coher d
EEEh O CO ence a
shetves - - .
Hotsw
e multiprocessng gluein
power supply

3 processor modue
4 « Highly integrated, targeted at
:;::i%\:::su}:ts‘cslcnn:mlm . .28 . hl gh Vd ume

- Low latency and tendwidth

144MB flexible disk drive diskmodules
CO-ROM
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Example: SUN Enterprise

CPU/mem

SEE

57 e ]

@
N

A
< Gigaplane bus (256 data, 41 address, 83 MHz) >

1/0 cards

Bus interface

1%} 1%}
HIELE
0 g 0

« 16 cards of ether type: processors + memory, or 1/O
« All memory accessed over bus, so symmetric
« Higher bandwidth, higher latency bus

100bT, SCSI
2 FiberChannel
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Scaling Up

(D

*!lllllﬂi!l%%i}%E%ﬂlll!lllllﬂllll!lllliﬂ*

“Dance hall” Distributed memory

» Problem is interconred: cost (crossbar) or bandwidth (bus)
« Dance-hall: bandwidth still scdable, but lower cost than crosdar
- latencies to memory uniform, but uniformly large

« Distributed memory or norruniform memory access(NUMA)
- Congtruct shared address space out of simple message transactions
aaoss a general-purpose network (e.g. read-request, read-response)

« Cadhing shared (particularly norocd) data?

16




Example: Cray T3E

External /O

1979)> )= 8)
PEEEEN RS

%% Mem

S

» Scde upto 1024 processors, 480MB/s links
« Memory controll er generates comm. request for nonlocd references
» No hardware medhanism for coherence (SGI Origin etc. provide this)
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M essage Pasdnqg Architedures

Complete ammputer as building block, including I/0
Communicaion via eplicit I/O operations

Programming model: diredly accessonly private address pace
(locd memory), comm. via explicit messages (send/receve)

High-level block diagram similar to distributed-memory SAS
But comm. integrated at 10 level, neadn’'t be into memory system
Like networks of workstations (clusters), but tighter integration

Easier to buld than scdable SAS

Programming model more removed from basic hardware operations
« Library or OS intervention

18




M essage-Passng Abstraction

Match  ReceiveY, P, t

AddressY

SendX, Q, t

AddressX

Local process

Local process
P! address space

address space

ProcessP ProcessQ

« Send spedfies buffer to be transmitted and recéving process

» Reov spedfies ending processand appli caion storage to receve into

« Memory to memory copy, but need to name processes

« Optional tag on send and matching rule on recave

» User processnames locd data and entitiesin procesdtag spacetoo

« In simplest form, the send/reos match achieves pairwise synch event
— Other variants too

« Many owerheads: copying, buffer management, protedion
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Evolution of M essage-Passng M achines

Early madines. FIFO on ead link
« Hw close to prog. Moddl; synchronaus ops
» Replacal by DMA, enabling non-blocking ops
- Buffered by system at destination until recv

Diminishing role of topdogy
« Store& forward routing: topology important
« Introduction o pipelined routing madeit less ®
« Cost isin node-network interface
» Simplifies programming

20
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Example: IBM SP-2

General inter
network formed from
8-port switches

us
[ V' NIC

= ][00 B
g

- Made out of esentially complete RS6000workstations

. Eet;zvork interface integrated in 1/0 bus (bw limited by 1/O
us

21
1860 ige0 | Intel
Paragon
L$ L, $ | node
< Memory bus (64-bit, 50 MHz) >
Mem D B DMA
ctrl
| N
N 4-way
Sandia’ s Intel Paragon XP/S-based Super computer interleaved
R
) 8 bits,
175 MHz,
2D grid network bidirectional
with processing node
attached to every switch
22
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Toward Architedural Convergence

Evolution and role of software have blurred bourdary
» Sendrecr suppated on SAS machines via buffers
« Can construct global address spaceon MP using hashing
« Page-based (or finer-grained) shared virtual memory
Hardware organization converging too
« Tighter NI integration even for MP (low-latency, high-bandwidth)
« At lower level, even hardware SAS passes hardware messages
Even clusters of workstations/SMPs are paral €l systems
« Emergence of fast system areanetworks (SAN)
Programming models distinct, but organizations converging
» Nodes conreded by general network and communication asgsts
« Implementations also converging, at least in high-end machines
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Data Parall el Systems

Programming model
« Operations performed in parald on eat e ement of data structure
- Logicdly single threal of control, performs squential or paralldl steps

» Conceptudly, a procesor asociated with ead data dement

Architedura moddl

« Array of many simple, cheg processors with little memory eah
- Procesors don't sequencethrough ingructions

- Attached to a @ntrol processor that issues instructions
« Spedalized and general communication, cheg goba synchronizaion

Original motivations
-Matches smple differential equation solvers
Centrali ze high cost of instruction
fetch/sequencing

12



Application of Data Par all elism

« Each PE contains an employeerecord with his’her sdary
Ifsa lary >1 00Kt hen
salary =salary *1. 05
el se
salary =salary *1.10
- Logicdly, thewhoeoperationis asingle step
» Some procesrs enabled for arithmetic operation, others disabled

Other examples:
« Finite differences, linea agebra, ...
« Document seaching, graphics, image processng, ...

Some recent machines:
» Thinking Machines CM-1, CM-2 (and CM-5)
» Maspar MP-1 and MP-2,

25

Evolution and Convergence

Rigid control structure (SIMD in Flynn taxonamy)
+ SISD = uniprocessor, MIMD = multiprocessor

Popuar when cost savings of centrali zed sequencer high
+ 60s when CPU was a cainet

» Replaceal by vedorsin mid-70s
— Moreflexible w.r.t. memory layout and essier to manage

« Revived in mid-80s when 32-hit datapath slices just fit on chip
« No longer true with modern microprocesors

Other reasons for demise
» Simple, regular applications have goad locdity, can dowell anyway
« Lossof applicability due to hardwiring data parall €lism
- MIMD machines as effective for data parallelism and more general

Prog. model converges with SPMD (single program multi ple data)

« Contributes ned for fast global synchronization
« Structured gobal address space implemented with either SAS or M P26
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Dataflow Architedures

Represent computation as a graph of essential dependences
« Logical procesor a each node, activated by availability of operands
« Message (tokens) carryingtag of next instruction sent to next procesor
« Tag compared with ahersin matching store; match fires execution

27

Evolution and Convergence

Key charaderistics
« Ability to name operations, synchronization, dynamic scheduling

Problems
« Operations have locdity aadossthem, useful to grouptogether
» Handling complex data structures like arays
« Complexity of matching store and memory urits
« Expose too much parall éism (?)
Converged to use mnventiona procesors and memory
« Suppat for large, dynamic set of threads to map to procesors
« Typicdly shared address pace awell
« But separation d progr. mode from hardware (like data-paral el)

L asting contributions:
« Integration d communication with threal (handler) generation
« Tightly integrated communicaion and fine-grained synchronizaion
» Remained useful concept for software (compil ers etc.)

28

14



Systolic Architectures

» Replacesingle processor with array of regular processng el ements
« Orchestrate data flow for high throughput with less memory acces

M M

Y

PE

PEr>|PET------ —>»| PE

Different from pipelining
« Nonlinea array structure, multidiredion data flow, ead PE may
have (small) locd instruction and data memory

Different from SIMD: ead PE may do something dff erent
Initial motivation: VLSI enables inexpensive speda-purpose diips

Represent algorithms diredly by chips conneded in regular pattern N

Svystolic Arr ays (contd.)

Example: Systolic aray for 1-D convdution

y(i)=wl’ x(i)+w2  x(i+1)+w3  x(i+2)+ws  x(i+3)

x8 x6 x4 X2
— X7 — x5 x3 x1
R — R — w4 w3 w2 wl

y3 y2 yl

xin xout xout = X
X =Xin
yout=yin +w  xin

yin yout
« Pradicd redizaions (e.g. IWARP) use quite general processors
- Enable variety of algorithms on same hardware
« But dedicaed interconred channels
- Datatransfer directly from register to register acrosschannel

« Spedalized, and same problems as SIMD
- General purpose systemswork well for same dgorithms (locality etc.)

30
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Convergence: Generic Parallel Architedure

A generic modern multiprocessor

Network

)
000 O

Node: procesr(s), memory system, plus communication assst
* Network interface ad communication controll er
» Scdable network

» Conwergence dlows lots of innovation, now within framework
* Integration o asgst with node, what operations, how efficiently...

31

Fundamental Design Issues

32
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Understanding Par all el Architecture

Traditional taxonamies naot very useful
Programming models not enough nor hardware structures

» Same one can be suppated by radicdly different architedures
Architedural distinctions that affed software

« Compilers, libraries, programs
Design d user/system and hardware/software interface

« Constrained from abowve by progr. models and below by techndogy
Guiding pinciples provided by layers

« What primiti ves are provided at communication abstradion

» How programming models map to these

« How they are mapped to hardware

33

Fundamental Design Issues

At any layer, interface(contrad) asped and performance apeds
« Naming: How are logicadly shared data and/or processes referenced?
+ Operations: What operations are provided on these data
« Ordering: How are access to data ordered and coordinated?
« Replicaion: How are data repli cated to reduce @mmunicaion?
« Communicdion Cost: Latency, bandwidth, overheal, occupancy

Understand at programming model first, sincethat sets requirements

Other issues
» Node Granularity: How to split between processors and memory?

34
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Seguential Programming M odel

Contrad

« Naming: Can name ay variable in virtua address gace
- Hardware (and perhaps compilers) does trandation to physical addresses

« Operations: Loads and Stores
« Ordering: Sequentia program order

Performance
» Rely on dependences on single location (mostly): dependence order
« Compilers and hardware violate other orders withou getting caught
« Compiler: reordering and register al ocaion
« Hardware: out of order, pipeline bypassng, write buffers
« Transparent replication in cades

&

SAS Programming M odel

Naming: Any processcan name ay variable in shared space
Operations. loads and stores, plusthase needed for ordering

Simplest Ordering Mode!:
« Within a procesdthread: sequential program order
« Acrossthreals: some interleaving (as in time-sharing)
- Additional orders throughsynchronizaion

« Again, compil ers’/hardware can violate orders withou getting caught
— Different, more subtle ordering models also passble (discussed later)

36
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Synchronization

Mutual exclusion (locks)

« Ensure ceatain operations on cetain data can be performed by
only ore processat atime

« Room that only one person can enter at atime
» No ardering guerantees

Event synchronizaion
» Ordering d eventsto preserve dependences
- e.g. producer —> consumer of data
» 3 main types:
- point-to-point
- global
- group

37

M essage Pasdnqg Programming M oddl

Naming: Processes can name private data diredly.
» No shared address pace

Operations. Explicit communicaion throughsend and receve
« Send transfers data from private aldress spaceto another process
» Recave mpies datafrom processto private address pace
» Must be &le to name processes

Ordering:
« Program order within a process
» Send and receve can provide pt to pt synch between processes
» Mutua exclusoninherent

Can construct global address pace
 Processnumber + addresswithin processaddressspace
« But no dred operations on these names

38
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Design Issues Apply at All Layers

Prog. model’ s pasition provides constraints/goals for system

In fad, ead interfacebetween layers suppats or takes a position on
« Naming model
« Set of operations on names
« Ordering model
« Replicaion
« Communicdion performance

Any set of paositions can be mapped to any ather by software

Let's seissiesaaosslayers
» How lower layers can suppat contrads of programming models
+ Performanceisaues

39

Naming and Oper ations

Naming and operationsin programming model can be diredly
suppated by lower levels, or trandated by compiler, libraries or OS

Example: Shared virtual address pacein programming model

Hardware interfacesuppatsshared physical address pace
« Dired suppat by hardware through vto-p mappings, no software layers
Hardware suppats independent physicd address paces

« Can provide SAS through OS, so in system/user interface
- v-to-p mappings only for datathat are local
- remote data accessesincur page faults, brought in via page fault handers
- same programming model, diff erent hardware requirements and cost model

« Or throughcompilers or rurtime, so above sys/user interface
- shared objects, instrumentation d shared accesses, compiler support

40
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Naming and Oper ations (contd)

Example: Implementing Messge Passing

Dired suppat at hardware interface
« But match and buff ering kenefit from more flexibil ity

Suppat at sys/user interfaceor abowve in software (almost always)
» Hardware interface provides basic datatransport (well suited)
» Send/receve built in sw for flexibility (protedion, buffering)

« Choices at user/system interface
- OS each time: expensive
- OS sets up oreelinfrequently, then little sw involvement each time

« Or lower interfaces provide SAS, and send/receve built ontop
with bufers and loadg/stores

Need to examine the issues and tradeoff s at every layer
« Frequencies and types of operations, costs

41

Ordering

Message passing: No assimptions on a'ders aaossprocesses except
those imposed by send/receve pairs

SAS: How processes ethe order of other processs references
defines smantics of SAS

« Ordering very important and subtle

« Uniprocessors play tricks with ordersto gain parall€lism or locdity

» These ae more important in multi processors

» Nedal to understand which dd tricks are valid, and lean new ones

« How programs behave, what they rely on, and hardware impli cations

42
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Replication

Very important for reducing data transfer/communication
Again, depends on raming model
Uniprocesor: cades doit automaticdly
« Reduce mmmunication with memory
Message Passing raming model at an interface
« A recave replicates, giving a new name; subsequently use new name
- Replicaionis explicit in software @owe that interface
SAS naming modd at an interface
« A load bringsin data transparently, so can repli cate transparently
» Hardware cates dothis, e.g. in shared physicd address gpace
+ OScan doit at page leve in shared virtual address space or objeds

» No explicit renaming, many copies for same name: coherence problem
— in uniprocessors, “coherence” of copiesisnatural in memory hierarchy

43

Communication Performance

Performance daraderistics determine usage of operations at alayer
» Programmer, compil ers etc make chaoices based onthis
Fundamentally, three daraderistics:
« Latency: time taken for an operation
« Bandwidth: rate of performing operations
« Cost: impad on exeaution time of program
If processor does one thing at atime: bandwidth p 1/latency
« But adualy more wmplex in modern systems

Charaderistics apply to owverall operations, as well asindividual
comporents of a system, however small

WEe'll focus on communication or data transfer aacossnoades

44
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Simple Example

Comporent performs an operation in 100rs
Simple bandwidth: 10 Mops
Internally pipeline depth 10 => bandwidth 100 Mops
« Rate determined by slowest stage of pipeline, not overal | atency
Delivered bandwidth on appli cation depends on initiation frequency

Suppcse gplication performs 100M operations. What is cost?
« op count * op latency gives 10 sec (upper bound

« op court / pe&k op rate gives 1 sec (lower bound
- asaumes full overlap of latency with useful work, so just issue cost

« if applicaion can do 50 ns of useful work before depending an result of
op, cost to applicaion isthe other 50rs of latency

45

Linear Modéd of Data Transfer L atency

Transfer time(n) = T,+ n/B
« useful for message passing, memory access vedor ops etc
As n increases, bandwidth approades asymptotic rate B
How quickly it approadches dependson T,
Sizenedaled for half bandwidth (half-power paint):
n,=T,/B
But linea model not enough

» When can next transfer be initiated? Can cost be overlapped?
» Nedl to knawv how transfer is performed

46
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Communication Cost M odel

Comm Time per message= Overhead + Asgst Occupancy +
Network Delay + SizeBandwidth + Contention

=0,+0,+ |+ n/B+ T,
Overheal and assst occupancy may be f(n) or not

Eadh comporent along the way has occupancy and delay
» Overdl delay is aim of delays
» Overdl occupancy (1/bandwidth) is biggest of occupancies

Comm Cost = frequency * (Comm time - overlap)

Genera model for datatransfer: applies to cadie mises too

47

Summary of Design | ssues

Functional and parformanceissues apply at al layers
Functional: Naming, operations and adering
Performance Organization, latency, bandwidth, overhead, occupancy

Repli caion and communicaion are deeply related
« Management depends on naming model

Goal of architeds: design against frequency and type of operations
that occur at communication abstradion, constrained by tradeoffs
from abowve or below

» Hardware/software tradeoff s

48
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Recap

Parall el architedure isimportant thread in evolution of architedure
« At al levels
« Multi ple processor level now in mainstream of computing
Exotic designs have contributed much, but given way to convergence
« Push of techndogy, cost and applicaion parformance
« Basic processor-memory architedure is the same

» Key architedural issueisin communicaion architedure
- How communicationisintegrated into memory and 1/0 system on node

Fundamental designissies

« Functional: naming, operations, ordering

 Performance organizaion, replication, performance daraderistics
Design cedasions driven by workload-driven evaluation

« Integral part of the engineaingfocus

49
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