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We study application performance on
future memory architectures

e Obtain memory traces through simulation or emulation

e Derive realistic latencies, bandwidths for emerging and
future memories

— Combination of simulation/emulation and measurement

e |terative process to tune parameters

— Set latency, best guess based on measurement of test patterns
on experimental memory

— Run simulation, capture memory traces

— Measure latency and bandwidth when traces drive the memory
— Revise latency estimate



Obtaining traces

e Speed of software simulation
— CPU simulation multiplier is O(10000)

e Effort and time

— can take years of effort to develop accurate
processor models

— Have to handle interactions of memory system
with CPU

— FPGA-based emulator or hybrid techniques take
lots of time and high level of expertise to build



Evaluating accuracy

SpMV (2M x 2M)
Machine
gem5, arm_64 arm_detailed @ 2.00 GHz (prefetch)
gemS5, arm_64 detailed @ 2.00 GHz
fyi75-pub, AArch64 @ 1.60 GHz
gem5, x86_64 detailed @ 2.00 GHz

cab, Xeon E5-2670 0 @ 2.60 GHz

STREAM (Rate MB/s)
Machine
gem>5, arm_64 arm_detailed @ 2.00 GHz (prefetch)
gem>5, arm_64 detailed @ 2.00 GHz
fyi75-pub, AArch64 @ 1.60 GHz
gem5, arm_64 detailed @ 2.00 GHz

cab, Xeon E5-2670 0 @ 2.60 GHz

Runtime (sec)
2.29
1.99
1.71
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0.508
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5265.5 4616.9
3001.4 1628.3
13349.7 11869.3
1546.9 1543.6

13027.8 13102.8

Add

5545.8

2025.5

11692.8

2367.7

13020.9

Triad
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2008.7
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2245.0
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Zynq SoC

Trace DRAM
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Programmable Logic (PL)

AXI Performance Monitor (APM)
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Emulator Scaling by 20
Component | Actual | Emulated

Actual

e Memory 1.6 GB/s, 180 ns

e CPU 1-800 MB/s, 1-800 MHz

e DRE 2-1600 MB/s, 1-200 MHz
Target

e Memory 40 GB/s, 100ns

e CPU5GB/s, 2.5 GHz

e DRE 10GB/s, 1.25 GHz

Delay is programmable over a
wide range: 0-262 usin 0.25 ns
increments

Memory
Bandwidth

Memory
Latency

Memory
Latency w/
delay

CPU Frequency

CPU Bandwidth

DRE Frequency

DRE Bandwidth

1.6
GB/s

180 ns

180 ns

128.6
MHz

257
MB/s

62.5
MHz

500
GB/s

32 GB/s (3 Vaults)

9 ns (too low)

9+91 =100 ns

2.57 GHz

5.1 GB/s

1.25 GHz (base logic)

10 GB/s



HMC Architecture
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Vaults are managed to
maximize overall device
availability -

= Optimired management of
energy and refresh

= Self test, error detection,
correction, and repair in the
logic base layer

© Micron Base




Using Arira Design FPGA board

4 Altera Stratix V A3 FPGAs. Each FPGA drives on link.
FPGA contains custom VLIW to generate packets. One packet per clock cycle
Board instrumented to measure BW, latency, power.




HMC characterization using test patterns

Pattern characteristics: All Writes and Reads are 128 bytes
50% reads, 50% writes

Testl: All links enabled, accessing local vaults per test parameters
Test2: All links enabled, accessing vaults 0, 1, 2, 3

Test Algorithm in pseudo code (test is loaded into each enabled FPGA and
drives its associated link):
Loop_row:
LoopColumn:
Write all 4 vaults in each bank of target quadrant
Read all 4 vaults in each bank of target quadrant
Increment column by 8 (Writes and Reads are 128 bytes)
Loop_end
Increment row
Loop_end



Test 1 Latency

Latency for Link 0 JMi[=] B3 § (& Latency for Link 1 Mi=] E3

Link 0: "PG2\PG2_CM_Pattern_3.hmc" Link 1: "PG2\PG2_CM_Pattern_3.hmc"
6000 5000

@ Writes
@® Reads

5000 @ Writes
@ Reads

I~ Show 4l
" Refresh

Exzport CSY
97 193 290 386 483 579 676 7i7ish 869 966 1062
Close I = = Close |
Time in Nanoseconds

(¥ Latency for Link 2 M [=] B3 || 8l Latency for Link 3

Number of Reads | Writes
Number of Reads | Writes

I~ Show Al
™ Refresh
= [Expotcsv |
Export CSY
a7 193 290 386 483 579 676 773 869 966 1062

Time in Nanoseconds

Link 2: "PG2\PG2_CM_Pattern_3.hmc" Link 3: "PG2\PG2_CM_Pattern_3.hmc"
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@ Writes
@ Reads

6000 @ Vrites

Reads
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™ Showall I~ Showall
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Test 1 Memory Activity Map

Memory Activity Map !EI E
£ 100 3
E -
E =
S 50 ]
© -
o ]
o T T T T T T T T T T T T T T T T T T T T T T T T T T T
0:00:00 0:00:10 0:00:20 0:00:30]
| I | I I | I | |/
/ Max
| I | I I I I I I BW
[ i I I I T T i 1/
| i I I I I I i 1/
Min
BW

IV Link0 M Link1 M Link2 M Link3 I~ VaultLabels




Test 1 Bandwidth

“‘Hybrid Memory Cube Performance Dashboard ¥1.1.20.5 (O] x|

File Graph Power Latency Advanced  About . Tx+ Rx: 127.97 - T 63.98 - Rx: 63.98 C:\Users\macaraeg1\Documents\HMCADEMOROOTAPG2\PG2_CM_Pattern_3.hmc
= | DEMOROOT
All_Links Total Bandwidth in GB/sec Powerinmw
Common_Files
Favorites
Misc 120 geaoa All HMC
, One_Link @ HMC SerDes
B PG2 dc000 @ HMC Active
M PG2_CM_Pattern_3.hmc T
¥ PG2_Pattern.hmc 14000
M PG2_Pattern_3.hmc
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# PG2_Pattern_B.hmc 80 12000
M PG2_Pattern_B_0.hmc
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M PG2_Pattern_FillShort. hmc
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Test 2 — All links active, All links accessing vaults 0, 1, 2, 3 (i.e. Link O local vaults)

Latency
Latency for Link 0 |_ (O] x] Latency for Link 1 _[O] x|
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Test 2 — All links active, All links accessing Link O local vaults
Memory Activity Map

Memory Activity Map
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Test 2 — All links active, All links accessing Link O local vaults

“‘Hybrid Memory Cube Performance Dashboard ¥1.1.20.5
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Zynq

Emulator )

Trace Capture

.

gem>5

Simulator )

v

trace.bin

v

v

trace.log

parser.c

v

L gemtr.pl )

N

trace.csv

,0x40101520,32,29,2131065
,0x7¥186b20,32,30,2131091
,0x40185060,8,0,2132263
,0x40185080,8,0,2132270

A X0 00

,0x40000030,8,2,2132548
,0x40000034,8,2,2132554
,0x40185260,8,0,2132571
,0x40185280,8,0,2132575
,0x40000038,8,2,2132577
,0x4000003c,8,2,2132581

RPRRRRR
==XV X0==

Trace format by column

1) CPU=0 / Accelerator=1
2) Read/Write

3) Address

4) Transaction size in bytes
5) AXIID

6) Time stamp




Specify

start time & >
address offset 600

for each trace

Trace Folding

tl.csv

1500

t2.csv

)[ trpg2.pl I tmix.txt

Specify length {

p

tfold.pl

T

v

tmix.csv

1100

tn.csv

Input to Arira
Pattern Generator
up to 2K quad flits

LoopForever :
Packet(RdReq,)
Packet(Null)
Packet(Null)
Packet(WrReq,)

LoopEnd




Trace files

Scri

t Flow

Stats
summary
csv file

Bandwidth,
Power,
Latency

Plots

Bandwidth,

Latency, and

Power csv
files




Measured HMC Performance for
Various Workloads

Read Latency

Read Bandwidth 800
&0 ‘ ‘ — spmv_s21 L0123
— semv_s21 L0123 700 -- spmv s21 LO
-=- spmv_s21_L0 . - -
50l TN - image 16x L0123 !mage_16x_L0123
.... image_16x_LO 600 image_16x_LO

— image_1x_ST_L0123

-- image_1x ST _LO
kmeans_50_L0123

''''' kmeans_50_LO

— pager_s22 L0123

- - pager_s22_LO

— image_1x_ST L0123
-=- image_1x_ST LO

- kmeans_50_L0123
----- kmeans_50_L0
— pager_s22_10123
- - pager_s22_L0
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200}
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ol i i i i
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Total Threads 0 L i i i
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Total Threads

HMC Total Power

v ? ‘ ‘ f.__'_ o s2i 012  Bandwidth peaks at about 50 GB/s for 32
: : -=- spmv_s21_LO
--- image_16x_L0123 byte paCkEtS
“““ image_16x_L0
— image_1x ST L0123  Latency typically ranges between 93 ns and
-=- image_1x_ST_LO
kmeans_50_L0123 133 ns

""" kmeans_50_L0O
— pager_s22_L0123 . . .
-~ pager s22_10 * Spikes exponentially at saturation

e Power ranges from 10 W (idle) up to about
16.5W

10 Il Il Il Il
0 20 40 60 80 100
Total Threads



Methodology can be used on most
application (segments)

Run application in simulator of your choice and
capture memory traces

— Latency initialized to first guess from pattern generator
tests

Select portions of trace to run individually

Run on board to measure latency, bandwidth,
oower

Re-run application through simulator to find
revised run time, latency, bw, etc.



