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L Introduction

Why Visualize Memory Behavior?

m Modern hardware + software — complex interactions

m e.g. caches: simple rules of operation, but complex behavior

m Sometimes performance is a design goal; cache performance is
key to overall performance

m Performance counters — coarse-grained information
m Memory reference trace + cache simulation instead
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Why Visualize Memory Behavior?

m Modern hardware + software — complex interactions

m e.g. caches: simple rules of operation, but complex behavior

m Sometimes performance is a design goal; cache performance is
key to overall performance

m Performance counters — coarse-grained information
m Memory reference trace + cache simulation instead

Our approach: simulate cache, visualize what happens inside,
highlight performance issues, move towards understanding
memory performance



Abstract Visualization of Runtime Memory Behavior
L Methods

Example
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Overview of Approach

&
¥ e Collect ference t
S m Collect memory reference trace
¢ . . . .
@Zﬁ,pmcessor m Modify read/write instructions at run
time

m Trace includes source code information
m Cache simulation

m Trace records (e.g. R 0x400500f) fed
through simulator — hit or miss?
eviction? etc.

\ . m Visualization
r CKD? J m Structural layout reflects cache
architecture
k m Simulation results play out over layout



Abstract Visualization of Runtime Memory Behavior

L Methods

Visualization

Visual Channels and Frequencies

Low frequency High frequency
Color home memory region cache miss status
Motion | change in eviction order | change in cache level
Structure associativity set change in eviction order
Size N/A access
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Visualization
Time-Lapse Mode

m Very long traces, but can't just speed up playback
m Compress time — glyph pathlines
m Compute fewer such frames — time speeds up




Abstract Visualization of Runtime Memory Behavior
L Methods

Visualization
Time-Lapse Mode

for (*z = 0; *z < N; (*z)++)
1inC[i*N + 3] += LinA[i*N + k] * 1inB[k*N + 3];
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Visualization

Summary View

m Expansive space behind data glyphs—display a summary
statistic here

m “Cache temperature” summarizes recent cache performance,
gives sense of history
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L Matrix Multiplication

Standard Matrix Multiplication

m Left matrix: efficient access

m Right matrix: inefficient access

:A1,1 Az Ay Au: Ars Ass Ay Arg Bya Biz Bis Bya Bis Bis Byy Big €11 G2 Gz Gig Cis G Gy Cog
oy Aoz Aoz Poa Pos Ags Ao Ay Ba1 Bas Bas Boa B By Byy By G G2 G Ga Gs G Gy Gs
Asp Asp Az Asa Ass Ass Asy Asg B3y Bas Bas B3g Bss Byg Biy Bag Ci1 G2 G Ga G G Gy Gag

Aus Aaz Az Ags Ass A iy Aug [BI B2 IBIS B Bos Big Bay Bus Coa Ciz Ci3 Coa Cas Cap Cag Cag
Asy Acy Ags Acg Ass Asg Asy Agg X |BS3 B2 B Bal] Bs s Bsg By Bog Csy Gz Coa Cog Cos Cog Cog Cog
As1 Az Az Aca Ass Ass Asr Aes |BERBRBEETERE] Bes Bos By Bes Cs1 G2 Caa Caa Ces Cag Ca Ces
Ars Azz Ars Asa Ags Ass Aoy As Brs Brs By Brs Cr1 G2 Grs Goa Gis Grg Gy Gos

Ay Agy Ags Agy Ags Ags Agy Agg Bgy Bas Bas By Bss By Bgy By Co1 G G Coa Cas Cap Cay Cag
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L Matrix Multiplication

Standard Matrix Multiplication

AxB=

for (*z = 0; *z < N; (¥z)++)
1inCi*N + 3] += linA[i*N + k] * linB[k*N + j];
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L Matrix Multiplication

Transposed Matrix Multiplication

m Transpose right-hand matrix?

m Problem: loses generality

Ass Agz Az Arg Ars Agg Az Agg By Biz By s Bus By Byg Cia Cis Ci3 Gy G5 Cip Ciy Cug
Az Mgz Azz Asa Ass Ags Asy Ags By1 Bz By 5 Bas By Byg Co1 G2 Gz Coa Gs G Go7 Cae
Az Asp Ags Agy Ags Agg Agy Agg By Bs; Biz s Byg B3y Byg Gy Gy Gz Gy Gs Gig Gy Cap
Aut Asz Ass Asa Aus Aus Aag Ass Bag Baz Bas 5 Bag Bay Bag Car Caz Cas Caa Gis Cas Cay Cas
Asy Asz Asz Asg Ass Asg Asy Ass X Bsi Bsz Bs3|Bsa Bss Bsg Bsy Bsg - Cs1 Gz Gsz G G5 Cop Cs7 Cog
Ay Aca Ags Asa Ags Ags Ay Acs B Bga Bga Beg B Bos Boy Bog Csr Gz Gz Goa Gos Cop Cor Con
Azy Agz Az Ara Ass Ags Arp Ags B71 Bz B33 |Bsa Brs Brs By Brg C1 G2 Gz Ga Gs G G Gs
Agi Agz Ags Asa Ags Ags Asy Ags Bs1 Baz Bsa Baa Bas Bss Bay Bss Cs1 Coz Caz Caa Gas Cas Cay Cas
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L Results

L Matrix Multiplication

Transposed Matrix Multiplication

for (*z = 0; *z < N; (¥z)++)
1inC[i*N + 3] += linA[i*N + k] * linB[j*N + k]
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L Matrix Multiplication

Blocked Matrix Multiplication

m Multiply small, cache-sized submatrices, accumulate into
result

m Work on each cache line for longer — better data reuse

Al,l Au Au Au Al,s AI,G Ary ALE Pﬁl,&P&leLjﬁEld By Byg Byy Big .Cu Cu Cu Cu Cis G Ci7 Cia
Moy Aoz Aoz Aou Ags Ao Asz Ass BN BB B Bos By By Bas Co1 G2 Coz Cog | Cas Gog Co7 Cos
Poa Aoz Aaz Az Ass Aag Asy Agg [BIBSTBSBIY Bis Big Bay Big Ca1 Ca2 Caz Caa  Cas Gag Caz Gag
Az Auz Az Aga | As Aus Aaz Ags _B_ai_Biz__Bg_a_Eg_A_ Bis Bag Baz Byg Ca1 Caz Caz Gaa  Cas Gig Coz Cug
Ass Asz Asa Asa Ass Asg Asy Acs |81 a5 85| Hik | Bos Bog Bsy Bss | Coa Csa Cos Csa Cos Gos Cs7 Gos
AG] AG_Z AGK Aﬁ_d AGE- AG_G Aﬁ? AGE BVG,IBGZVB(»]BGJ BGS BG_G BGT BGE Cﬁl CGZ cﬁ_! cﬁ_ﬂ CGS CE_G CG_T CG_B
A Aoy Mgz Mgy Ags Aog Ary A 61| BN [BYBI Bos Bog By, By, B G Gp B B G B B

Agy Az Ass Ass Ass Ags Asy Ags __B_s_,l__ﬁq‘_z__iﬁﬁi__ﬁq,f_ Bgs Bgg By Bgs Co1 Cop Cga Cga  Cas Gag Cay Cas
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LMatrix Multiplication

Blocked Matrix Multiplication

AxB=

for (uns.

(unsigned in 0;"i < N; i+
for (unsigned int k = k0; k < min(k0 + b, N); k++)
£ = LinA[i*N + k];

for (unsigned int j = jO; j < min(30 + b, N); j+
1inC[i*N + 3] += r*linB[k*N + j];

igned int i = 0
for (unsigned int j = 0
AlL][3] = ((float) rand()) /
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L Results

LSorting
Bubble Sort
(15 4)3]2[1] m Sorts list by repeated, shrinking sweeps
45 (3[2]1] that swap one element to correct place
al3]5]2]1] m Known for slow algorithmic complexity,
0(n?)

(403 ]2]5]1]

m Interesting cache performance—dramatic
increase when working set fits into cache

JEAEIEIENE)

3]4al2f1]s]

| [3/2]4]1]5]

C3]2]1]a]5]

(2 3[1]4]5]

Clzlz]3lals]
ENEREIENEY
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LSorting

Bubble Sort

R
. ‘.

for (unsigned i=0; i<end; i++){
> v[i+l]){

swap (v[i], v[i+1])
swapped = true
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LSorting

Merge Sort

T m Better run time: O(nlog n)

g% 2 v L7 . .

e L m Recursive execution structure — more
TP complex cache behavior

348 10 2|s5|9 12

Merge Phase

2034 |5/8|9 1012
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LSorting

Merge Sor

107 i< i2; i) {
i2 )¢
= data[_i0++]

10 >= i1 ){
data[_il++]

ata[_i0] < data[_i1] )
tmp[i] = datal_i0++]

else if( data[_il] < data[_i0] ){
tmp(i] = data[_il++];

d:

ata[i]

30; 1 < 42; 1+ (
tmp(i];
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L Material Point Method

Material Point Method (MPM)

m Particle-based simulation method for mechanical engineering
problems

m Particles carry several attributes, stored in several arrays

m Tends to show hallmark “streaming” access pattern
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Material Point Method (MPM)
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Conclusions

m Memory reference trace — Cache simulation — Structured
visualization of cache internals

m Visual design assigns meaning to several visual channels

m Resulting visuals and patterns convey memory behavior
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Future Work

m Exploration of unused or underused visual channels, e.g.
low-frequency motion

m Expansion of techniques to other systems where performance
is important
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Thank you!
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