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Abstract—When utilizing reconfigurable hardware there are
many applications that will require more memory than is
available in a single hardware block. While FPGAshave tools
and mechanisms for building logically larger memorgs, it often
requires developer intervention on word-oriented deices like
Massively Parallel Processor Arrays (MPPAs). We emine
building larger memories on the Ambric MPPA. Building an
efficient structure requires low-level developmentaind analysis of
latency and bandwidth effects of network and protool choices.
We build a network that only requires only five ingructions per
transaction after optimization. The resource use auh
performance suggests architectural enhancements thahould be
considered for future devices.
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. INTRODUCTION

As reconfigurable hardware targets a wide range o

applications, it is infeasible to provide memorgdKs that will
have sufficient capability for all tasks and notrelerutilized
in the majority of cases. FPGA vendors include lmaisms in

processor can execute a single Java object andonbn
communicate with other Java objects through asymdus
FIFO channels. While the processors are synchsiotheir
programming and registers, the clocks are not sacks
shared with other processors, vyielding a Globally
Asynchronous, Locally Synchronous (GALS) architeetu
Processor operations are synchronized solely throdgta
arrival.

Ambric is broken up into 42 “brics”; half of a brig shown in

Fig. 1. The other half is identical. The RAM Un{RUSs) are

made up of 4 2KB RAM banks, RAM access engines, and
interconnect to connect the banks to the engifég. engines
are specialized processors responsible for inteddmetween

the memories and the processors used for computatio

other RU| 4 v
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the development environments and hardware for imgjld
larger memories and accessing them as a singlecalogi
memory. Word-oriented accelerators like Massiviegrallel
Processor Arrays (MPPAs) and Coarse Grainec
Reconfigurable Arrays (CGRAS) promise increasedtieficy

[1], but users will still require these mechanisms.

For example, in our lab we have implemented a @orf
the processing pipeline for PET scanners on a tyaié

platforms [2, 3]. This algorithm uses lookup tabléor

implementing several functions. In developingtfoe Ambric
MPPA, the need for large memories proved to be afnine
largest challenges [2], adding to the already diffi task of
partitioning up a task into separate blocks.

In this paper, we will discuss how to build lardestributed
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memories on the Ambric architecture. We aim toamahe

> dynamically arbitrating

ease of use and low hardware and cycle time castRRGAs
currently enjoy. We discuss the instruction lemglimizations
that are required and the protocol for communicativith
these memories. Keeping memory transactions sgnized
will limit network options, and pipelining must beaintained
throughout to ensure throughput. Some architelcfaedures
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unique to Ambric will aid our development and sopmesent
unique challenges to be overcome.

II.  AwmBRIC MPPA

Figure 1. Ambric AM2000 half-bric [6]

Two of the engines (Inst) are dedicated to progdin

) ] ~overflow instruction memory space, and two (RW) vide
The Ambric AM2045 MPPA is an array of 336 32-bit data access for the main processors within the bffee other

RISC processors and 336 memory banks [4, 5].

Eacfivo engines (str) are stream engines, one conndotetie



internal bric switchbox and the other to the neknmutside the
bric. The data access engines can emulate a Bredof
memory types such as FIFOs, regular random aceess,
combinations of the two where reads use one modengites
use another. Additionally the stream engines ceoet a
request for a block of memory and reply with aastne

The Compute Units (CUs) are made of 2 simple Stirgm
RISC (SR) processors and 2 Streaming RISC procesati
DSP extensions (SRD).
for data and the word-sized instructions. The SRbs
significantly more capable than the SRs, with thegecution
units. Each SRD has instruction and data memoginers
dedicated to it within the RU. The SR processoesirtended
for simple tasks in support of the SRDs. Each @Rdismall
64-word memory for data and half-word sized indioms.
The smaller instruction size limits which registarsl streams
are allowed for several instructions.

The most distinguishing feature in the Ambric atetture
is its interconnect. Ambric channels are distégut-IFOs
communicating between clock domains
Asynchronous, Locally Synchronous (GALS) architeetof
Ambric. Flow control on these channels is impletadrwith a
valid control signal that accompanies the data wordadet
registers, and aaccept signal routed backwards.

When a register contains data, it will assetid to its
successor in the channel to tell it that the datalme captured.
If the next register does not already have datas#erts its
accept signal. When botkialid andaccept signals are high, the
receiving register loads itself with the data argladserts
accept as it is currently full. The sending register aserts
valid until it has new data available. Normally, a @ssor
operating on a channel will stall while writing eskaccept is
asserted, and while reading unlessid is asserted. This
allows the registers of the channel and, by extensthe
processing elements to operate asynchronouslyresect to
one another.

The processors are typically programmed by writimg
subset of Java. Each Java object occupies a gingbessor,
cannot directly affect any other objects, and iwauatically
compiled into assembly. The Java code communichjes
calling specific Java functions to read or writeatahannel.
The interconnect is defined in a language calletduat This
instantiates Java or other aStruct objects andnefithe
connections between them. Breaking a task dowm timtse
objects is one of the greatest challenges to dpwgjoan
application.

I1l.  LARGE MEMORIES INFPGAsS

Before we discuss how to construct large memones
Ambric, it is useful to consider how FPGA tools dknthese
needs. FPGA development environments alreadydecthe
capability to aggregate memories in the architectWe tested
this with the structure shown in Fig. 2. The cligkot shown
for clarity. A counter sends addresses to the mgmdhe
data from the memory is added with the addresstlamdesult
is fed into an accumulator. The high bit of thewmulator is
output. This circuit is designed to keep 10 frofffeeting
timing, and to remain constant in logic use andedpacross

Each SRD has a 256-word myemo

in the Globally

memory sizes. The grey pipelining registers maylbeed at
locations A, B, and C to assist logic and data muamt across
the FPGA.
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Figure 2. FPGA memory test logic

To characterize the tool's ability to aggregate lkma
memories into larger ones, we targeted an EP3C8bay ||
in Quartus [7]. This FPGA has 81,264 LEs and 2 Riks of
memory, divided into 305 M9K memory blocks. Whitgs
FPGA has only half as much memory as the AM2048oés
occupy a similar price point. We varied memoryediom one
to 304 M9K blocks, as we ran into a placement eato805.
We tracked logic usage and speed as reported bstu@uane
assumed that using one M9K required no extra ltfpcks
and therefore all blocks used were from the tesuiti We
subtracted this from the remainder of the datatpoamd the
results are shown in Fig. 3.
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Figure 3. Circuit delay and FPGA resources used

At 32 memory blocks used, no additional combination
logic was used. As our datapath was 32 bits witbememory
.was most likely being divided into individual bitsp no
lcomputation or multiplexing was required. Afteatththere is
a small amount of additional logic to select themrogy and
route the signal to the output. With increasingmmogy size,
speed decreased as signals needed to traversatiteeFPGA.
With the additional pipelining registers, using thké memories
was as fast as using only one memory without tpelping
and only 20% slower than using one memory with the
additional pipelining. Additionally, far less thal? of the
total logic available on the 80K gate device isdufee even the



largest memories. This shows that implementinggelar
memories is inexpensive in terms of logic and speed

IV. BUILDING LARGE MEMORIES ONAMBRIC

Developing large memories on Ambric has all of the

challenges that developing on Ambric normally dsataiFor

example, tasks must be broken down into smallezkisldo be
placed upon individual processors [1]. Efficiensyependent
on balancing the size of these blocks, and pipghineughput
is only as high as the slowest block can maintadiven that
we are processing on streams of data, we will dpéinfor

pipeline throughput (bandwidth) as our first prigri

With the goal of developing a generic memory irdeef,
very little is defined for us already. Given thffatent engines

for accessing a memory, we needed to choose thessacc

mechanism. We also needed to come up with a nktthat
would bring our request to the proper memory anivelethe
data. In order for bandwidth to be greater thddatency, the
network needs to allow multiple outstanding regsiesthile
ensuring transactions occurred in the proper order.

A. Javavs Assembly

An application developer new to hardware design firal/
Ambric’s Java environment friendlier than the mueaitional
HDLs on FPGAs. However, design effort savings \dbti
from high level programming usually comes at a cost
implementation efficiency. The stream processiagagigm
used in Ambric exacerbates this effect becauss poorly
understood by developers and the compilers. Evbaenw
writing at a high level, it is useful to keep inrmdilow level
capabilities

An example of Ambric Java code is in Fig. 4. Tbisle
from our implementation reads in data from fourroiels and
sends the bitwise OR out. Line 3 reads in datm ftoe first
channel. Lines 4 and 5 read in data from the deahnels and
OR them with the current value. Line 6 reads anfrthe last
channel, ORs with the running total, and sendsehelt out.

1lintval;

2 while(true){
3 val = downO.readInt();

4 val = val | down1.readInt();

5 val = val | down2.readInt();

6 up.writeDEO(val | down3.readint());
7}

Figure 4. Ambric Java example

Compiling this code targeting the simpler SR preoes
we end up with the assembly in Fig. 5. Ambricrinstion can

have multiple destinationsink is a destination that discards all

data. Lines 1, 2, 4, and 6 read in data from tfeoring

channels. Lines 3, 5, and 7 OR the data from tienmels
together. Line 9 sends the result out. Line 8gsiimack to the
start. The jump is not the last instruction beeausnps and
branches take a cycle to take effect. Therefberetis a delay
slot afterwards that is executed under all conadgothe

compiler is smart enough to take advantage of thithis

appears to be a reasonable compilation for a RI®Cepsor
and should take 9 cycles to execute a single iberat

_WT_23:

1 mov downO, r2, sink

2 mov downl, rl, sink
3orr2,rl, r2, sink

4 mov down2, rl, sink
5o0rr2,rl, r2, sink

6 mov down3, rl, sink
7orr2,rl, rl, sink

8 jump code_ptr(_ WT_23)

9 mov rl, sink, up, de0 //delay slot

Figure 5. Compiler assembly example

However, even the SR processors are richer thapleim

RISC processors so there is an opportunity forntpétion.
Channels can be accessed almost as easily asgibterdile,
multiple destinations are allowed, and there argaaced
looping constructs. Optimized assembly is showrim 6.
Lines {2, 3} and {4, 5} from the compiler output & been
compressed into lines 3 and 4, respectively inland-tuned
code. Similarly, compiler lines 6, 7, and 9 haveer
compressed into a single line, 5, which readsdhamnel, ORs
it, and sends out the result. Finally, we haveniglated the
need for the jump instruction by using the zerorbgad loop
construct in line 1, resulting in 4 cycles peratan.

1 loopalways END

2 mov downO, r1, sink

3 or downl, rl, sink

4 or down2, rl, sink

END:

5 or down3, r1, sink, up, deflag

Figure 6. Manual assembly example

If this was the limiting step in our pipeline, hahthing
resulted in a 2.25x throughput increase. Alteuedyi we
could have written Java that processes only twmnmieg
streams. We would need two processors to watcloal
streams, and then a third processor to combineethéts of the
first two. Each one of these stages would redlicgcles per
iteration, thus we would need three processorgaasbf one
and we would still only be 1.8x as fast as the inab
implementation. The key lesson is that the compuitees not
optimize sufficiently in some cases and the critatap should
be written directly in assembly language.

B. Ambric branches

The zero overhead loop mechanism is designed
implementing FOR loops and cannot be used to psooes
packets. As discussed previously, branches halelay slot
following them. Additionally, the traditional ALUlags like

for

zero andoverflow must be sent to the IP/branching mechanism

manually through an Ambric channel. This channa$ a
depth of 2, so any branch that is dependent orstairiethe
previous instruction will be forced to stall for auditional
cycle for the test results to arrive. This medrad,tincluding
the conditional branch and its delay slot, 4 cyaléksbe used.

For our purposes, there are two decisions that tedz
made for each memory transaction: (1) Is this paakead or
a write? (2) Is this packet targeting this membtgck, or
some other block? If we handled both of thesesitmts as
branches on a single processor, the best we wdee tab



achieve was 8 cycles per memory transaction. Toeae memory. Supporting these operations would require
better performance, we must reduce branching inh eacsignificant computation. If we limitength to 1, then we can
processor, or replace some operations with nonchiag reuse thdength bits as part of the address. This allows us to
alternatives. address all of the on-chip memory of the AM2045airlat

C. Ambric ry protacol address space without needing to support long readstes.

Ambric has a memory access protocol called TMS for The resulting packets are shown in Fig. 10. Théitslin
accessing the streaming memory engines and extBIDRL the Iovy portion of_ the ad.dress can be sent (j|remlyhe
memory. As our larger memory is an intermediatep st Memories. The high portion of the address willused to
between off-chip memory and the current 8KB maxinthat ~ S€l€ct the memory.

is accessible through a stream engine, let us si#trtit. A Notice in Fig. 10 that memory reads are now 1 wordj,
TMS data packet is shown in Fig. 7. The Ambricrofeds  and memory writes are two words long. This mehasthede
contain a special $3bit calledde that accompanies the data for reads is 0, and for writee is 1. This is particularly helpful
word. This bit is intended to help with multi-womckets.  for our system, since the Ambric processors candbr@n the
The final word of any packet, which is the only wadn the  de bit without a test instruction, and without theyisle latency
case of a single-word packet, will hage= 0; all other words  petween test and branch operation. Thus, a brande after

in the packet will be accompanied byebit set to 1. a word read costs 2 cycles (branch instruction ainisequent
de,_l 31 28 J 27 15{ 15 0 delay Slot) instead of 4.
'Raw data: single word del 31 28 l 27 TW 10 0
| 0 I - data[31:0] J Memory read: 28-bit address
Raw data: multiple words | 0 OxA l address high[16:0] J address low[10:0] ]
| 1 | data[31:0] ‘ ‘Me;'nory write: 28-bit address
1 0x8 [ address high[16:0] ] address low[10:0]
1 data[31:0] 0 data[31:0]
0 data[31:0] )

) Figure 10.0ur read and write packets
Figure 7. TMS data [6]

Read request packets are shown in Fig. 8 and retgest D. Memory access . )
packets are shown in Fig. 9. Both functions havéoag” There are two ways of accessing the memories fta. da
addressing mode for when 16-bit addressing is ficgerit. ~ Each RU has two stream engines wired to the interect and
The top nibble of the first word specifies the tyfe@acket and RW engines dedicated to each of the SRDs in thes Reltner
the request type. Bits 16-27 specify the requelstiegth. For CU. Using the SRD is more flexible; however, thme.a
reads, the memory controller will reply with a sineoflength  latency of 4 cycles for a SRD to send the read estdto its
words starting with the data afidress. For writes, the RW engine and to read the response. For our linitia

controller will start writing aaddress and writelength words. ~ €xamination, let us ignore the network that brirgguests and
delivers data. Reads will be sent to the procefsoeach

;ZLox e ::er:: 16] 15 . memory block that is part of our memory and if thatticular
o] A T lengtlio | P | memory does not service the requested block theestqwill
Memory read long: 48-bit address be Suppressed'
! 0B \ '9"91““"0;ddres|8[31 T If the SRD had to do this processing on the padketuld
be beneficial to be able to do it in parallel witte memory
Figure 8. TMS read packets [6] access; this leads to the need to do non-bloclkeads. Non-
blocking reads require branching dependent on veineih not
;Zmof; wmews_bn":d(\e:: 16] 15 0 the read was successful, increasing the procestiag.
- o gl | T Therefore, to maintain pipeline speed, we WI.|| nmqnove
- a1 0] any processing off to another processor. In eittenario, the
B SRD is not doing any processing and is simply mhiog
E data[31:0] access to the memory. Thus, a stream enginetiagusseful,
0] data[31:0] and will save the SRDs for user code.
Memory write long: 48-bit address
K 0x9 T lengthitia] | address[47:32] When dealing with the memory stream engines, wet mus
1 address[31:0] still pay the memory access latency for each memory
1 data[31:0] transaction. However, the stream engines haveaepmput
- dam‘[‘émj and response streams so the processor sendingqrmsa can
5 daa3 1] be different from the processor receiving the dathis allows

us to build a feed-forward network that uses piped to hide
Figure 9. TMS write packets [6] the memory latency. We can also split the proogssi

) ) _ _ ) decisions between these two processors.
While we would like to remain compatible with TMS

packets, a small modification can increase perfamaayreatly. Using the network shown in Fig. 11, the addressgssor
A read request for multiple words may be largenthasingie Passes all reads to the memory after convertingoita



legitimate TMS packet and sends the data procéksaresult
of the test on the memory select. This will th# downstream
data processor if the read targeted this memorgkbémd the
data should be forwarded or if the read targetetiffarent

block and the data should be suppressed. Pseudgofoo a
read-only implementation is shown in Fig. 12. Edctle

number indicates a separate assembly instructhis; dode
only requires 4 cycles to execute.

SR SR
address p| Strean » data
engine
./.\.

PN
> >, >, >
Iri ES oul

Figure 11.Address processor, stream engine, and data procestsmrk

1 Read the input channel.

2 XOR the high address bits with our address.

3 Mask off [27:11] high address portion and send
the read command to the stream engine.

4 Zero out everything from the XOR result but the
high address bits. Send result to data
processor.

Figure 12.Address processor read pseudocode

Fig. 13 shows code for the address processor for
read/write memory. We add a branchdmto either execute
the read or write code, based on the top bit ofitiseming
word. We fill the delay slot with the XOR to cheifkhis is
the correct memory block, since this is used irhidbe read
and write case. The rest of the read code is dheesas the
read-only version. The write code checks the add@nd only
writes when this block is the proper target. Weecdhdo
consume the word to be written even if not actuaflifing, so
this can go into the delay slot (line 9). Notetthéhen writing,
nothing is sent on to the data processor, sincertéeories
will not respond and the data processors do not rtee
generate a return value.

1 Set up zero-overhead loop to cycle from
instructions 2-6.

2 Read the input channel.

3 Branch to write code (line 7) if de is set.

4 XOR high addr bits w/our addr.  //Delay slot

5 Mask off [27:11] high address portion and send
the read command to the stream engine.

6 Zero out everything from the XOR result but
the high address bits. Send result to data
processor. The zero overhead jumps back up.

Write code:

7 Zero out everything but the high address
portion. Send results to the flag channel.

8 Jump back into our read loop (line 2) if flag
indicates this was not our packet.

9 Read input to consume data. /[Delay slot
10 Mask off [27:11] from original packet and send
the write command to the stream engine.

11 Jump back into read loop (line 2).

12 Send write data to stream engine. //Delay slot

Figure 13.Address processor read/write pseudocode

The data processor reads the address test froredtiress
processor. It then passes on the data resporte dddress
matched and a null synchronization packet other{ige 14).
While doable with a branch, line 2 shows how a mux
instruction can be used instead. The mux repléee$est and
the branch, so the resulting code only requireycdes. We
will explain synchronization packets in the nexttamn.

1 Read from the address processor.

2 If the address processor sent 0, load 1's into
the mask, otherwise load 0's.

3 Read the channel from the stream engine. AND
the mask with the result. Send the result out.

Figure 14.Data processor pseudocode

E. Treesand synchronization

Large memories must be composed of the smaller
memories spread across the chip. Since each pmges
element can handle a limited number of channeis,ithplies
some sort of network. Another requirement is trasactions
are completed in order. A request for memory agkir¥
returns the data at address Y or our computatioh lvei
incorrect. Alternately, a write followed by a retdthe same
address must return the recently written value.

Keeping transactions in order is easier if theneyeto each
of the memories is equal. This will also minimite worst-
case latency. The best structure for this is a {fég. 15)
which also minimizes the number of processors redufor a
given fanout. However, without the ability for rtiple
requests to be in the tree at once, bandwidthbeilas bad as
1/latency.

In/Out M Processor

1 Memory

Figure 15.Bi-directional tree

To solve this problem, our tree must be pipelinébing
this on a tree processing both requests and negultita means
each node cannot stall after a read request béfaredata
arrives. It is possible to do a non-blocking chelmead, but
the processors would have to add extra processidgtermine
whether or not a packet was actually receivedis #asier to
duplicate the tree into separate fanout and fawirigns as
shown in Fig. 16.

B Processor
1 Memory

Out

Figure 16.Unidirectional tree



With two separate trees as in Fig. 16, requestiifterent
memories may be serviced out of order. If thee saveral
writes to memory A followed by a read, that read have to
wait for the writes to complete first. Since thegperations all
follow the same path, they will remain in the promeder.
However, a subsequent read request to memory Bl ceturn
before the read to A because there are no otharests)
pending on that path, and the fanin tree will sinpass the
response up. Even if requests were perfectlyiliged, there

packets. The fanin processor can then just ORnjsits
together to generate the proper output. This m#watst only
requires one cycle to process each input packehceShe
throughput is limited by our address processorchitiakes 5
cycles in a read-write implementation, we can use 4:1
compressors from Fig. 6 in our fanin tree withoetiucing
bandwidth as shown in Fig. 18.

M Processor

is no guarantee that requests are returned in rityigep order O Memory

through the GALS network of Ambric. In ® Duplicator
A potential solution to this problem is shown igFL7. As

the fanout tree makes routing decisions, these are out

communicated to the fanin network through the cadesnels
between from the fanout tree to the fanin tree.e Ténin
processor would know which of its inputs to relagtf The

Figure 18.Broadcast tree with hardware stream duplicators

processor then waits for a response from that inpuf | atency and hardware assignment

Subsequent requests on the cross channel, or esattsron
other inputs, will just queue up on the appropriet@nnel.
Since the cross channel keeps a sequential listaufs, and
each input channel keeps read results in ordes gilirantees
that the results will be merged together in thepprarder.

B Processor
1 Memory

In Out

Figure 17.Unidirectional tree with crosslinks

Unfortunately, the routing decisions required ie fanout
tree are at least as complex as those of the addresessors
in the previous section. As the fanout processeesl to make
the routing decisions, they must do the entire esklicompare
themselves. This will add several cycles of delay.

Since we do not want to make decisions within #r@bt
tree, we need another method of maintaining trdimsaorder.
If all transactions will make it all the memorieg do not need
to worry about the requests getting out of orderthee FIFO
channels will keep their data in order. All thae tfanout
processors will be doing is copying their inputeéxh of their
outputs. This particular situation was considerethe design
of Ambric and special-purpose hardware was placédl the
interconnect to duplicate the data in a stream tinto streams,
allowing us to save on processors used by buildirtgee of
duplicators instead.

There is still a chance for the data replies frone t
memories to get out of order. The solution to grgblem is to
ensure that there is always a response, even wieeread is
for a different memory. Then the FIFOs will kedye tdata
ordered for reads as well. This requires the fai@ to read in
an input word from each input and combine the tssulf all
inputs are sync packets, the fanin node will predacsync
packet; it will send the data response if one efitiputs is a
data response.

We would like to do this without branches if possib A
good way to implement this is to use 0’'s as synuiaedion

Most of our processor usage will be in the leavesw
tree, with two SRs hooked to a single stream engifi@ie
logical placement is to place all of these elemavitkin the
same half-bric. However, this creates an unintdnde
bottleneck. ~ Two processors in the same half-bhat t
communicate with each other have a channel withextoa
registers on it. This means that when the datésSRiiting for
a read’s data to emerge from the stream engisenivti reading
another memory select test from the address SR thaed
address SR cannot begin a second read. Thereitteugh
logically this structure should be pipelined, imgtice the two
SRs are in lock step, and cannot hide the laterfcyhe
memory access. To fix this we deliberately fofoe two SRs
to go to different half-brics by placing a minimu#+O length
on that SR->SR link of 1.

For large memories, where the fanin and fanoustreay
need to span much of the chip, imbalances in diffepath
lengths might cause similar problems, with fashpahat go
through fewer registers causing stalls on previpiteecessors
when there are multiple requests outstanding. hewesince
our system takes 5 cycles per memory transactiene tis only
one word every 5 cycles. Each register on a gpeth can
delay for up to 4 more cycles, so a 4-stage midmatqath
length would cause no problems as long as at lessgister is
on the path. Thus, this possible bottleneck didtam out to
be a concern in practice for our memory structures.

V. USEAGE

Using this architecture, we built memories rangirmgn 1
(which did not use our network) to 32 RUs. Readdvadth is
constant for all sizes of our network at one woverg five
cycles. However, at size 1, the stream enginepcacess one
word per cycle. We tracked read latency and thabau of
processors used and plotted the result in Fig. 8 number
of processors used is just under linear, as theeaddind data
processors grow linearly and make up the majoritythe
processors required. The actual network doesnowt gs fast,
but it is a relatively small number of processotsatency is
logarithmic as it is more affected by the numbehaps in the
tree.
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Figure 19.Processor utilization and latency vs memory size

It is important to observe that the AM2045 usesighdr
percentage of its computational resources thaf-H@A uses
for a similar percentage of memory. Using all th@mories on
the FPGA used less than 1% of the logic, but on Aeniising
all the memories would require over half of thegassors. In

fact, some processing would need to be moved to sSRD

FPGAs, with their bit-oriented computation, are faore
efficient at the match and compare tasks. Singlsignals can
be defined where required, eliminating the needntdtiplex
control and data. It
synchronization with a global clock on the FPGA.

Similarly, the latency on Ambric is also quite hig®n the
FPGA, only two cycles of additional latency weraled in the
pipelined version to remedy all of the speed Iddsuidding the
memories.  On Ambric,
distributed FIFOs and routes also require seveyales so
latency grows much more. FPGA cycles are quitéemint
from an MPPA though. On a FPGA, computation stepsdo
not require a full clock can have several execirashe cycle.
Long distance signals will only slightly slow thearimum
clock instead of adding additional cycles. Howevteis worth
noting that the 130nm AM2045 runs at 350MHz, wioler
FPGA test circuit only ran at a maximum of 250MHz a
65nm FPGA and accessed less memory overall.

VI. ARCHITECTURAL ENHANCEMENT

The primary limit on performance of these largenmees
is packet processing, particularly the top addtetssand the
Read/Write signal. FPGAs have the decided advantag
offering efficient bit operations. Additionallyhé raw number
of processors required may make it difficult formeo
applications to coexist with the memories. Indesdce there
are two SR processors per RU on the chip, it ispogsible to
access all the memory on the chip without usingidign of
the larger SRD processors. Given these limitatidhds
important to consider what future architectureslaado to
help.

Our processor count has already been reduced by thst
hardware duplicators built into the interconnectoas fanout
network. A logical extension would be to add aikimmerge
capability and eliminate the fanin network too. eTlemaining
address and data processors could be replaceddingasbme
FPGA-like bitwise capabilities. This was suggestadthe

is also much easier to mainta

in addition to processingge th

CGRA space in [9], but synchronization of the safsr
channel within the GALS framework may prove difficu

Already, the memory stream engine processors halpedh
us pipeline the packet processing. As they alrémdg several
access modes, they could be enhanced to supperiragmory
ID so they can be accessed over a broadcast beisolik
existing network. The stream engine would ignoréges that
did not have the same address bits as its ID. réads, the
stream engine could put out a sync packet for Has did not
match. In this way, the all of the packet proaegghat now
consumes SRs could be migrated to the stream eitgaié
Future work is required to determine if the costthése
mechanisms is worthwhile.

VII. CONCLUSION

In this paper, we provided support for memoriegdathan
the hardware blocks in Ambric. This required sal/@najor
steps:

» Direct use of assembly language and eliminatiolbrahch
instructions where possible.

Splitting the fanin and fanout network to produce
pipelined, feed-forward network that also can leger
Ambric’s built-in duplication hardware.

* Broadcasting reads and writes to all memories bhadise

of synchronization packets during reads to maintain

memory transaction ordering.

e Splitting decisions between multiple leaf processto
reduce per-stage delay, and overlap packet procegssin
memory access latencies.

When combined this provides scalable, efficiergdascale
memory support within the Ambric array. It provéde 4-cycle
ROM, and 5-cycle RAM memory transaction issue time.

In comparison to FPGAs, we demonstrated that, while

Ambric can support large memories, word-orientestpssors
are a poor match to the bit-oriented address psotgsequired
by this task. However, we proposed simple architat

changes to the stream engine processors and titoadid a

reduction network to handle merges in the fanirwoek that

could largely eliminate these overheads. Thesesimilar

enhancements, should be considered for future aoeted

accelerators as composing memories together willdoessary
for many applications.

Beyond just supporting large memories, these
memories demonstrate the use of the Ambric harditsed.
Like an FPGA, the Ambric system allows for the fld&
creation of complex, interconnected processing esyst
However, the processor nature of the individuaimelets
means that care must be taken to best split theepsing
across multiple processors, and to find the begteémentation
of that computation within the Ambric processoristruction
set.
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