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Anecdote |I: System Issues

Cycles per Instruction (CPI)

N

[EEN

32-Byte Burst
= 64-Byte Burst

128-Byte Burst

3.2 6.4 12.8 25.6
e P & S K& N e°
‘04\ ‘04\ .\/‘0*\ \04\ \o\i\ ‘04\ \o\i\ ‘04\ ‘04\
D 4+ 2 4 4T 2 4 42
o
N A N AR SO o
SNEPCASN J N RN 5O

System Bandwidth
(GB/s = Channels * Width * 800MHz)

Benchmark = GCC (SPEC 2000), 2 banks/channel
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Anecdote II:

Delay D¢k of clock

from clock

to output driver s
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DDR's DLL
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Anecdote II:

DDR's DLL

A handful of alternatives:

MC B DATA D
strobe
L
Unassisted
MC B DATA DBL
g 1
DLL on DRAM
II\D/ILé ~—DaTA g
strobe
L
DLL on MC

¢ 1|V
MC DATA D|_|__ D
strobe
f DIMM
= A

DLL on module

DLL RCLK > vV
MC |- DATA L
Read clock

¢ V
MC DATA D
strobe

‘ 11|

A

Static dela y w/ recalibration
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Anecdote IlI: Circuit v System

tRRD & tFAW limitations:
(:R) Row Activation Command

tRRD tFAW @ Column Read Command
;*—\ A
' N
Cmd C C R C XEXEX:
Internal cmmd C C C C
Data data X data data data data date

tpos limitations:

cmd G GO G (I - (D G N

Internal Cmd 6 e 6 @ 6

Data (dataX X data data data data data data
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Ibos

Clock
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Must make cir cuit-le vel decisions
considering system-le vel ramifi cations

(holistic appr oach)
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Past Work: Device-Le vel

FPM, EDO, SDRAM, ESDRAM, DDR: x16 DRAM

CPU
and cac hes

128-bit 100MHz b us

Rambus, Direct Ramb us, SLDRAM:

CPU
and cac hes

Memory
Contr oller

x16 DRAM

x16 DRAM

x16 DRAM

l x16 DRAM

x16 DRAM

x16 DRAM

HEEEIELER

x16 DRAM
DIMM

128-bit 100MHz b us

Memory
Contr oller

DRAM
DRAM
DRAM
DRAM
DRAM
DRAM
DRAM
DRAM

Fast, Narrow Channel

[Cuppu et al. ISCA 1999]
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Past Work: Device-Le vel

Average Latencies

Avg Time per Access (ns)

PERL

500

400

300

Bus Wait Time
Refresh Time
Data Transfer Time

BN

Newer DRAMs
L

oo 7/} Data Transfer Time Overlap
Column Access Time

Row Access Time
- Bus Transmission Time

Critical word

— , arrival times

%

o B = O

FPM

EDO SLDRAM RDRAM SDRAM DRDRAM ESDRAM DDR
DRAM Architecture

[Cuppu et al. ISCA 1999]
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Past Work: Device-Le vel

Band width-Enhancing Techniques I:

PERL

Stalls due to Memory Bandwidth
Stalls due to Memory Latency

L Ne

Cycles Per Instruction (CPI)
|

W\

Overlap between Execution & Memory
ol Processor Execution
'er DRAMS ———» 2 -
~ Z)Of, ]
__ @\9{ )

(@)
_ 8. 0 %;
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AN R

FPM

EDO SLDRAM RDRAM SDRAM DRDRAM ESDRAM DDR
DRAM Architecture

[Cuppu et al. ISCA 1999]
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Past Work: Device-Le vel

Band width-Enhancing Techniques II:

Cycles Per Instruction (CPI)

PERL Stalls due to Memory Bandwidth
Stalls due to Memory Latency

S5 T Overlap between Execution & Memory

B Processor Execution
4 | -
3 r -
2 -
1r -
0

FPM/interleaved EDO/interleaved SDRAM & DDR SLDRAM x1/x2 RDRAM x1/x2

DRAM Architecture (10GHz CPU)
[Cuppu et al. ISCA 1999]
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Past Work: System-Le vel

Even when we restrict our f ocus .

1TE %

One independent ¢ hannel Two mdependent c hannels
Banking degrees of 1, 2,4, . Banking degrees of 1,

Four mdependent C hannels
Banking degrees of 1, 2,4, .

1,2,4 800 MHz Channels
8, 16, 32, 64 Data Bits per Channel
1, 2,4,8 Banks per Channel (Indep.)
32,064,128 Bytes per Bur st

[Cuppu & Jacob ISCA 2001]
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Past Work: System-Le vel

... the design space is F AR from regular ...

3 F 32-Byte Burst
L - GCC 64-Byte Burst
[ I 128-Byte Burst

N
|

[ —
|
1

Cycles per Instruction (CPI)
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System Bandwidth
(GB/s = Channels * Width * 800MHz)

[Cuppu & Jacob ISCA 2001]
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Past Work: System-Le vel

... and the cost of poor judgment is high.

€—@ Worst Organization
B— Average Organization
Best Organization

Cycles per Instruction (CPI)

|
perl vpr average

SPEC 2000 Benchmarks

[Cuppu & Jacob ISCA 2001]
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An Aside

Past work used first-or der models.

Present w ork uses models
accurate to second & thir d order effects ...
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[ Definition: Zero’th Or der ]

If ( INSTR Is | oadstore ) {
I f (L1 _cache _m ss( I NSTR daddr )) {
I f (L2 _cache_m ss( I NSTR daddr )) {
cycl es += DRAM LATENCY;
OR

| NSTR. ready = now() + DRAM LATENCY:
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An Aside

Past work used first-or der models.

Present w ork uses models
accurate to second & thir d order effects ...
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University of IEEETC - SimBed: C-language system model
Maryland 1996 $ —_
Analytical CPU —| ‘
SLIDE 18 model | ISCA 2001
SPIE 2005 A . System-level study
SoC ener gy |
...... S
C-langua ge
ISCA 19991
IEEETC 2001 DRAM model
Device-level study DRAM, BIU, MC
— _1 _1 MASE back-end
L SYSim
C-langua ge
system
model
Models both
performance
& energy

IEEETC 1996: System-le vel anal ytical tool f or cost/perf ormance
ISCA 1999, IEEETC 2001: DRAM device-le vel c haracterization

CASES 2001, IEEETC 2003:  Performance & ener gy modeling of CPU and SRAM
(model e xecutes unmodifi ed RTOS)

ISCA 2001: DRAM system-le vel c haracterization
SPIE 2005:  SystemC modeling of ener gy in systems-on-c hip
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( Processor Core L2
SLIDE 19 cache
_ [A4] A
Part A: Searching [A5] [
on-chip for data DTLB
(CPU clocking L1 h Ayl
domain) cache
\ BIU (Bus Intertace L) t) [B]
[Bo] (B
( System Contr oll 8
. hysical to
Part B: Going Mémory addr | Bal |60 ; DRAM System
off-chip for data 4 mapping buffer [B] Bl
(DRAM clocking
domain) DRAM
memory_ request [B ] core
I/O-to-mem&r y traff ic - scheduling [B 4] 2
Stages of instruction execution:
IF — ID H EX —MEM—/ WB
virtual to physical [A,] L1 D-Cache [A3] L2 Cache Bus Interface Unit (BIU)
address translation | zccess. If miss access. If miss obtains data from main
(DTLB access) [A1]| then proceed to then send to BIU | memory [A4 + B]

[B4] BIU arbitrates] [B,] request |[B ] phys. addr. [[B4] mem. [[Bs] mem. |[Bg, B;] DRAM dev.|[Bg] system
for ownership of | sent to system|to memory addr.|request addr. Setup | obtains dataand ~ [controller returns
address bus ** controller translation. scheduling*] (RAS/CAS) | returns to controller |data to CPU

** Steps not required for some processor/system controllers. protocol dependant.
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Present Work: DRAMsImM
READ: e

"
trReD lcas IpATA
% Active: Open Row, tgcp time later, a CAS command may be issued to the DRAM chip

CAS: Column Read command, tcag time later, data begins to be placed
onto the Data bus. We use tcpc to factor out command transmission time.

@ Data: The number of cycles that the data transmits over the Data bus

@ Precharge: Close the Row, this command may be issued tgag time after
the Active command. After tgp time, another active command may be issued.

WRITE: tRTR
—

tRcD tcwp  tpata
CWD: Column Write Delay, the number of cycles that the controllers must
wait before placing the data onto the data bus.
@ RTR: Retirement delay, this is for systems with write delay buffers.(RDRAM)
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Present Work: DRAMsImM

Memory Access Latenc y Distrib ution

Number of Accesses at each Latency Value

2000}—

1500f—

1000—

500—

2 GHz CPU, 200 MBPS 8 Byte wide DDR SDRAM

MCF

must be pipelined.
Long queueing delay,

Minimum Latency_
~ 180 CPU cycles|

Large range of latency values

8000}

6000]

GCC

I ! I
Most accesses

satisfied immediately.
Latency distribution

I
o

(N

4

0

0 f 500 000 1500 0
/Memory Access Latency: In CPU cycles
Most accesses

favors low latency values

i Dominant Latency
4000 “modes” evident:
CAS Hit Latency

zooo\ -«—Bank Conflict Latency
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Present Work: Why?

Benefi t: Performance Number s (DRAMSIm)

RedBlack
1800
OCPU Active B DRAM Stalls
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Present Work: Why?

Benefi t: Insights (Anecdote I,

MC B DATA D
strobe
L
Unassisted
MC B DATA DBL
g 1
DLL on DRAM
II\D/ILé ~—DaTA g
strobe
L
DLL on MC

I

revisited)
Y
MC< oAa DL B
strobe
DIMM

i

1]

DLL on module

DLL Reik > | [v
MC |- DATA =
Read clock

¢ V
MC DATA D
strobe
L o 1

Static dela y w/ recalibration




A HOLISTIC
APPROACH
to DRAM

Bruce Jacob

University of
Maryland

SLIDE 25

Present Work: Why?

Benefi t: Insights (Anecdote I, revisited)

SCHEME COST

EFFECTIVENESS (Uncer tainty in read)

NoDLL O

DCLK + Xmit +

wire + Recv + Clk skew

on DRAM 16xDLL

Xmit +

wire + Recv + Clk skew

on MC 2xDLL

wire + Recv

16xVern

on DIMM 2xDLL wire + Recv + CIlk skew
16xVern

Read 2xDLL wire + Recv

CLK 16xVern

Static 16xVern Xmit + wire + Recv

e Cost=for 2-DIMM system, 8 DRAM parts per DIMM
note: “cost” applies to both die area and power

 Uncertainty = very rough, intuitive idea
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Anecdote lll, revisited

command bus YRYC) ——»P— R
internal cmd (C) prec harge
row access
£ data bus
=2
c
C 5
O
o U
c @©
o=
=g
omb——=—=—===

Quiescent Current dra w
current dra w profile due to
of active de vice device activity

Power consumption in DRAM de vices:

« Row activ ation, data read-out, bank prec harge: all are
relativel y expensive operations

« Current dra w of operation ad ditive to quiescentv alue

... S0 what'’ s the big deal?




A HOLISTIC
APPROACH

oo Anecdote lll, revisited

Bruce Jacob

University of trrp & tpayw Protocol-le vel limitations
e placed upon device to limit
maxim um current dra w
(RRD tFaw

internal cmd
data (Jdata

current dra w in
abstract units

overlapping current pr  ofiles time

 Severely limits b us effi ciency from single rank

* Problem worsens in future: parameter s defined in
nanoseconds , not cycles
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Anecdote lll, revisited

* trrp & tpaywy — Problem worsens in future:
parameter s defi ned in nanoseconds , not cycles

internal cmd

data (Jd
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Max. Sustainab le Band width

9 >
i N\
164.9zip o
A- —-A
A A
—-o——©
O O

L1l
LT
€ | 2
1
1
L
€ 2

Maximum Sustainable Bandwidth: GB/s

3 ..... .

2 .....

. guiue Depth Bank Count Simulated tgpyy Values:
0 2 W Filled - 16 Banks traw = tre /2
O 0 (FIFO) 0O Outline - 8 Banks — — — traw=1trc

0
I I I I I I I
533.33  666.66 800 033.33  1066.7 1200 1333.3
Datarate (Mbps)

4.3 5.3 6.4 7.5 8.5 9.6 10.7
Peak BW (GBps)

trc = 60ns, burst of eight, 8B wide channel
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Max. Sustainab le Band width

Inflection P oint For

teayw Impact f or Two Diff erent teaw = tre / 2
Simulated V alues: /

(traw =trcf2) ° - — o
(traw = trc)

(e}

High and
Moderate Levels
of Reor dering
(e.g. system

'D/ sophistication)

~

-

D

w = (9]

Maximum Sustainable Bandwigth: GB/s
N

}No Reordering

Bank Count Simulated tgpyy values)
W Filled - 16 Banks ~ —— tpaw =trc/ 2
O Outline - 8 Banks - - - teaw = tre
T T T

T I
.66 800 933.33  1066.7 1200 1333.3
Datarate (Mbps)

6.4 8.5 9.6 10.7

7.5
Peak BW (GBps)

trc = 60ns, burst of eight, 8B wide channel

16 BANKS impr oves band width o ver 8 BANKS by ~10%
(how does this compare with incremental cost?)
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But Wait, There’s More ...

tpos protocol-le vel limitation placed
upon ranks to pre vent data-b us
collisions on rank hand-off

ciock AL CAL ALK AL ALK EAL LA SAALLLL

Cmd >"(

Internal Cmd

Data (dataX Xdata data data data data data K )(data
<

Ibos

« Severely limits b us effi ciency from multiple ranks
 Luckily, itis defi ned in cycles and not nanoseconds
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Solution I:  Scheduling

Problems created b y tpaw + trrp * tpos

e teaw T tRRD Must spread out A CT commands
*  1pos Must s witc h ranks infrequentl y

Salient point: tga does not place limit on
total number of open banks

Problem can be solved with sc heduling:
row-column command decoupling (RCCD)

« Schedule A CT commands far bef ore their
corresponding READ commands

« Schedule lar ge number of bank-reads
before switc hing ranks

[patent pending]
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Solution I:  Scheduling
IPC Speedup Relative to FCFS Scheduling

1.8 [

B BRR
B O RCCD

=
o
I

Increasing Bandwidth Utilization

negligible speedup

IPC Speedup Relative to FCFS Scheduling
H
D
I

—

—

E—
QOol:I

—

. .
a-;l
% B
V>
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Solution I

Number of Accesses at Given Latency Value

Number of Accesses at Given Latency Value

Scheduling

1le+08

10000

100

1le+06[ N

\I\Hu

kil :nuwuu

179.art FCF

Wi

S

179.art CPRH

o [T

1 & ! ; :
0 200 400 600 00 400 600 800
Memory Access Latency (ns) Memory Access Latency (ns)
1le+08
188.ammp FCFS 188.ammp CPRH

1e+06- -
10000/~ I -
100 -
1 L 0 Y O i
0 200 400 600 800 o

Memory Access Latency (ns)

Memory Access Latency (ns)
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Solution Il: Topology , etc.

Problems solved b y tpaw + trrp * tpos

e teaw T tRRD Instantaneous current dra w in de vice
*  1pos Bus collisions on rank handoffs

Any alternative solution will do ...
CMD & write data

A A A
NI | |3]| |55
read data v v v

 Topology eliminates collisions (can accountf  or static
DIMM-DIMM skew with Vernier -type solution)

 Note: solution requires sour ce-sync hronous c locking
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(] — — et
_ o ﬁ.l.l'r;]-r'l-&i.il'lEIﬂEl outamed
105 N— e~__ 7 W Bath —

SDRAM ESDRAM

0as -

o

Db

Runmning Time {Normalized to Close Page|
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Perspective , Future Wor|_<
ﬂ
BENEEN

$

CPU

- DRAMsim
C-langua ge
DRAM model

DRAM, BIU, MC
MASE back-end

L SYSim
C-langua ge
system
model

Models both
performance
& energy

* Investigating these types of issues (local-vs-system)

at all le vels of the hierar chy (cac he, disk, etc).

« MKP book to come (“holistic appr oach” ??)
e Goal: SYSim will be open-sour ce release w/ book
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UNIVERSITY OF MARYLAND

Summary

No long er appr opriate to optimiz e
subsystems in isolation: local optima do not
yield globall y optimal system

Systemic beha vior s: unanticipated
Interactions yielding ineffi  ciencies

Specifi ¢ instances:

. tFAW + tRRD + tDQS Severely limits BW
e Choice of DLL on DDR SDRAMSs to de-ske w parts

Many problems can be ad dressed b y
system-le vel solutions; can be better than
cir cuit-le vel solutions
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e Sean Leventhal: Other studies (e.g. ESDRAM, MC, etc.)
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