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Lecture Outline

e Hardware trends and systems performance
e Moore's law
e Dennard Scaling
e Power constraints

e System heterogeneity

e CPU cores, memory, storage, and networking
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The PDP-11/40 and Unix

e The overwhelming majority of modern systems
run some variant of Unix

e macOS, iOS, Android, Linux

e Unix was designed in the early 1970s to run on
PDP-11/40 minicomputers:

 “The PDP-11/40 was designed to fit a broad range of
applications, from small stand alone situations where
the computer consists of only 8K of memory and a
processor, to large multi-user, multi-task applications
requiring up to 124K of addressable memory space.
Among its major features are a fast central processor
with a choice of floating point and sophisticated
memory management, both of which are hardware
options.”
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e Unix has proven surprisingly resilient and
portable — is it still the right model?
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Moore’s Law — The number of transistors on integrated circuit chips (1971-2016) SIfeG
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. Inata
This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

strongly linked to Moore's law.
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Moore’s Law and Hardware Trends

e Moore’s law has held up well

e Other features have not:

Intel CPU Trends
o CIOCk Speed (sources: Intel, Wikipedia, K. Olukotun}) y

100,000

e Performance per clock cycle

e Power consumption 10,000
e Starting to reach physical limits
[ R
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H. Sutter, “The Free Lunch Is Over: A Fundamental Turn Toward Concurrenc
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More recent data in A. Danowitz et al, “CPU DB: Recording Microprocessor
History”, Communications of the ACM, 55(4), April 2012, Pages 55-63. DOI:
10.1145/2133806.2133822 — shows the trends continue into 2012
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Dennard Scaling

 Moore’s law: transistor count, not performance

e Power consumption driven by Dennard scaling:

 Power « C-F-V2 where:
C is capacitance
F is clock frequency
V is voltage

e Size of transistor directly affects V and C

e Implies smaller transistors (Moore’s law) allows higher frequency for same
power consumption

* Approximation that ignores leakage current

e Limitations of semiconductor physics that dominate as sizes decreases —
eventually became dominant source of power consumption

e Dennard scaling equation no longer applies
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Thermal Throttling
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e Graph is for Apple A8 SoC

e Many other processors behave
similarly

e Dark silicon — one consequence of
Moore's law and breakdown of
Dennard scaling; can’t power the
entire chip at once
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Implications of Hardware Trends

 Moore’s law — how much longer?

e Breakdown in Dennard scaling:

e Increased thermal throttling
e Multicore systems

e Power constraints — mobile and data centre

 Mobile devices have performance in bursts

e Data centres scale wider rather than faster
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Heterogeneity

e Range of system designs increasing

e Data centres

PCs and laptops

Mobile phones and tablets
e Wearables
e loT

e Scalability and heterogeneity

e Due to increasing range of different applications

 To make effective use of Moore’s law, while subject to power constraints —
optimise hardware for particular use cases, power only when needed
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Heterogeneity: Processor Architecture

e Heterogeneous multiprocessor: CPU with Cell Ercecbend Engine Procsssor
multiple special purpose cores e e nE - THE T

e Canonical example — Cell Broadband Engine
e Asymmetric processing capabilities

e High-performance and low-power cores on a
single die (e.g., ARM big.LITTLE model, with
both Cortex A7 and A15 cores on-die)

o GPU-like cores for graphics operations, with
single program multiple data model vs. a more
traditional multiple program multiple data model

o Offload for crypto algorithms, TCP stack, etc.
e Asymmetric memory access models

e Non-cache coherent

e Cores explicitly do not share memory

e« Common for mobile phones, games
consoles, and other non-PC hardware
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Heterogeneity: Memory Hierarchy

A
LO:
Smaller, Regs CPU registers hold words retrieved from
faster, cache memory.
and L1 L1 cache
corsgletr (SRAM) L1 cache holds cache lines retrieved
(p? yte) from the L2 cache.
g orage Lo L2 cache
evices :
(SRAM)
L2 cache holds cache lines
retrieved from L3 cache
L3: L3 cache
(SRAM)
L3 cache holds cache lines
Larger, retrieved from memory.
slower, ) .
and L4: Main memory

cheaper (DRAM) . .

(per byte) Main memory holds disk
storage blocks retrieved from local
devices disks.

L5: Local secondary storage
(local disks)
Local disks hold files
v retrieved from disks on
remote network servers.
L6: Remote secondary storage

(distributed file systems, Web servers)
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Heterogeneity: Memory Hierarchy

e The traditional view of memory in a computer system:

CPUCHID s
. Register file
—/
ALU
: l System bus Memory bus
: I/O Main
Bus interface bridge memory
e Note:
e One CPU

e One memory bus
e One block of memory

e Uniform memory access
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Heterogeneity: Memory Hierarchy

e QOrganisation of a typical modern computer system:

Memory
Core 0
Core 1
Core 2
Core 3

Memory

Co C1
L2 Cache
C2 C3
L2 Cache
C4 C5
L2 Cache
C6 C7
L2 Cache

Die Die Die Die

Die Die Die Die

PCI/Host
Bridge

PCI/Host
Bridge

Memory
Controller
Hub

Gbe

Memory

Memory

Figure 2. Structure of the AMD system

I/0
Controller
Hub

PCle

Gbe

e Non-uniform memory access (NUMA) Figure 1. Structure of the Intel system

Large on-chip cache memory; main memory off-chip, accessed via interconnect

Heterogeneity unavoidable, due to the physical layout of the hardware — some memory is
physically closer to some CPU chips than to others

Cache coherency protocols maintain random access illusion
Memory access latency varies depending on which core is accessing which memory bank
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Heterogeneity: Storage

e Hard disks — solid state disks
 No moving parts
e True random access — hard disk seek time varies with physical movement of disk heads
e Lower latency, higher throughput
e |Lower power consumption
e Wear levelling and block-level FEC — limited number of write cycles
o Sophisticated controller hidden in the SSD — embedded computer, not device driver
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100,000.0 A ——Disk seek time
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10.0 —TFCPU cycle time
10 M -O—Effective CPU cycle time
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Heterogeneity: Networking

Hardware Operating system

 Network performance has caught up with (“NiCregisters  Nicring | Buffers ) mbufs |
CPU performance e f::lr‘\w_addf
 DMA-based ring-buffer interface to NIC b
e Zero copy from packet reception to user space T -
e Protocol header processing and kernel data structures \ = /
are a significant cost — difficult to keep up with line rate Figure I: Typical NIC’s data structures and their relation
processing of small packets on high speed links with the OS data structures.

e Pushing towards different device driver and network
APIs — sockets API a bottleneck

e Increasing range of interface types: wired and wireless

* Wireless and mobility expose the limitations of TCP
congestion control and service model

e Multiple interfaces, wireless, and mobility push towards
multipath protocols, protocols for path discovery and
edge-to-network communication, and new APls
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Discussion

e Systems are increasingly heterogenous, and quite different to those
used when the OS was designed

 How should change the programming model?

e Are we using appropriate programming languages, tools, and
operating systems architectures?
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