Embedded Memory Systems



Motivation

dMemories are the limiting performance factor

%+ System-on-Chip memories and SRAMs embedded in
FPGAs are fast (1-2 cycles access) but:

= On-chip memory might not be enough
= eDRAM or eFLASH may be coming into the picture

dMemories are a key energy consumer on SoC
dMemory systems in embedded systems can be
customised
#+ Large design space to exploit for optimisation

< 5S0C and FPGA technologies support to a good extent
"irregular” memory systems



Importance of Memory in SoCs

Some rouagh rule-of-thumb figures:

dArea
%+ 50-70% of chip area may be memory

O Performance

%+ 10-90% of system performance may be memory
related

1 Power
4+ 25-40% of system power may be memory related
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Recent Estimations
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Outline

* Memory data layout
e Scratchpad Memory
* Custom memory architectures



Memory Data Layout

dProblem statement

< Optimise the placement of data in memory to
maximise cache effectiveness with minimal resources

dNormally compilers place data following
language conventions and program order

<+ Can they do any better if they see the complete
embedded application?

dSimilarity
<+ This reminds of the study of placement for DSP
variables (but problem and strategy was different)



Array Layout and Data Cache

ali]
int a[ld24]
int b[1024]
int c[l024]: h.[|] - I

for (1 = 0: 1 < H: 1++})
cla] = ali]l + blil:

il Data Cache
( Direct-mapped,
Memory 512 words)

Problem: Every access leads to cache miss!



Aliasing Example

dCache size = C, line size = M, array size = N

JdAddresses and cache position:
Seali]: i > (imodC) /M
#blil:i+N >  ((i+N)modC)/M
Scfi:i+ 2N > ((i+2N) mod C) / M
dIf N = kC = all cache positions identical!
< C is normally a power of 2
<N is often a power of 2, too...

dSolutions?

<+ Set-associative cache

' ]
<+ Make C larger than N Costly!



Energy cost of Associativity
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A solution: Array Padding

.M words

int a[ld24] ;
int b[1024] ;
int c[ld24] ;

for (i = 0 1 < H; i++]
cli] = ali]l + bl1]:

Memory

Data alignment avoids cache conflicts



Transformation: Loop Blocking

d Modify loop exploration space in blocks (or "tiles™) so
that all elements accessed at once fit the cache

Original Code Blocked Code

for kk = 1 to H atap B
Ffor = 1 o H atap B
Fer L & 1 s H

Feer 4 & 1 s H
Far E = 1 s M

o= X [L,E] Ffer kE = kk & min [EE+#BE-1, H)
far j = 1 = H o= X [L K]
£[L,4] = & * ¥[k,3] for § = 33 £o min (§3+8-1, W)

Z[i.3] = = * ¥[k,]]

. |




Real World Example: FFT

double sigreal [2048]

le = 1= J 2

for (1 = j; 1 < 2046; i 4= 2%1le)
{

= silgreal [1]
= sigreal i + le]
1st Quter Loop Iteration
sigreal [1] = .
cigreal[i1 + le] = .
} 0 1024

Array
sigreal

Cache



Padded FFT

double sigreal[2048 + 16]

le = 1le f 2; la' = l= + 1= / 128
for (1 = j; 1 < 20468; 1 4+= 2*1le)
i* =i 4+ i f 128
= sigrealli’] 15t Outer Loop Iteration
. = sigreal 1’ + le’]
Pads (~1 cache line, every cache size)

;igtcnl[i’] = _ fflhﬂh

cigraal[i’ + la’'] = . ; N BT

} L ]

0 T Aver
— sigreal Cache




Algorithms to decide data layout

Need to make the following decisions:

“Tile Size Computation

* Largest possible tiles such that working set fits the
cache

“+Pad Size Computation
* Minimum pad size which eliminates aliasing

<+ Interleaving of Tiled Arrays

* Arrangement of multiple arrays so that there is no
aliasing among arrays and all working sets fit the
cache



Scratchpad Memory

Scratchpad

\ 1 cyde

On-chip
Memory | F-1

Off-chip Memary
Memaory

- 10-20 cydes



Scratchpad Memory Advantages

“Architecturally visible static software-manaaged
cache”
+ Avoid aliasing problems

< Decide explicitly which data will be reused
= Avoid evicting useful data from the cache
+ Increase determinism
= Data are always "in the cache”™ when nesded
<+ Save power
=  Awvoid energy cost of high associativity

= Avoid caching inelevant data
= Avoid using 2 levels of the memaory system for temporaries

+

¥ o

¥ o
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Timing Predictability

Many embedded systems are real-time systems: computations must be

finished in a given amount of time

Most memory hierarchies (i.e., caches) for PC-like systems designed for
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Scratchpad Memory

d Embedded processor-based system
< Processor core
< Embedded memory
»  Instruction and Daka Cache

+  Embedded SRAM
e S ::;‘? Scratch Pad Memory

d Design problems

1. How much on-chip memory?
2. Partitioning of on-chip memory in cache and scratchpad?

3. Which variables/arrays in the scratchpad?
J Goals

<  Improve performance
<+  Save power



Data Partitioning

procedure Histogram Braluation

T Bra tnesshevael [S12] [S512] ;
:n:I H_Iitih[IEE] - [ . ] EIIJ'EII“ Acc
' = Off-chip + Cache

for (b = 0; 1 < 512; 1++)
for (5 = 0; 5 < 512; J3++) {
/* for each pixel ,J) in image =/

lewve]l = Brightnesslhev=l[i] [3];
Hist[lavel] += 1;
; ‘l\
Irregular Access
= Scratchpad



Data Partitioning 2

procedore Coowvolution

int sonrce=[128] [128], de=st[128] [128];

int mask[4] [4];

for {all points x,y of source)
new = 0
for {i scamning the mask horisontally]

for (] scanning the mask vertically]
new += sonrce[x+i] [y+3] * mask[i,6J]:

dest[x] [y] = new / nomm:

Iteration (0,0) mask Iteration (0,1)

cmall
axmasns -+ Scratchpad

FEEEESSESE L e
1Iiiiiiilee momrcetdest ILERIIIILS
s2221222220 " Llargeand Regular 73:

Rl = Off-chip + Cache



Data Partitioning

d Pre-Partitioning Scratchpad/Off-chip
“+Scalar variables and constants to scratchpad
++Large arrays to off-chip memory

A Detailed Partitioning
++ Identify “critical” data for scratchpad
<+ Critena:

= Life-times of arrays

= Access frequency of amays
= Loop conflicts

dSimilar reasoning can be applied to code



Global Placement

fori..{ } Which object (array, loop, etc.) to be
stored in a soratchpad?

Non-overlaying allocation
Gain g, + size s, for each object &

Maximise gain & = Zg,, respecting the
scratchpad size S5P = T 5,

Solution: knapsack algorithm

Overlaying allocation

Moving objects back and forth
between hierarchy levels

Solution: more complex...




Custom: Memory Banking

for (2 =0, 1 < 13D0; 144])

{ Al1] += Bl[1] * C[2*i]: }

Riowe Address
Addr[15:8]

Column Address
Addr[7:0]

il | Address




Memory Banking (e)DRAM

for (1 =0, 1 < 1000; 14++}
|
Af1] #+= B[1] * C[2%*i] ;
}

-l

R

R

'_5.'

ToDatapath  Addr ToDatapath  Addr  To Datapath



DRAM tradeoffs

DRAMs are complex objects:
- Multiple interleaved DRAM banks in a system
d Large premium for burst accesses

 Tradeoff between leaving a page open and having
neighbouring accesses faster and closing a page and not
requiring precharge time for far accesses

In servers, optimizations are usually of dynamic nature
performed by the memory controller subsystem and
controlled by the BIOS/0S

In embedded computers, similar optimizations can be
done statically and application-specific



Summary

d In S0Cs and FPGAs situation is different from general
purpose computers
< Different design space (fast memories almost as fast as logic)
< Less constraints to use standard components: any size possible,
more types of memaory available (e.g., dual port), etc.
“+ More bandwidth exploitable (no pins)
d Hence different world where many more things are
possible (whereas in classic computing or normal chip

based embedded systems there is not much freedom)

- Companion situation to the customisation of processors:
< Optimizations tailored to Data Cache
= Memory Data Layout
< Memory architecture customized to a given application
» Scratchpad Memory

— = Memory Banking



