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Application-Driven Synthesis of Memory-Intensive
Systems-on-Chip

Darko Kirovski, Chunho Lee, Miodrag Potkonjak, and William H. Mangione-Smith

Abstract—Due to the increasing popularity of multimedia the synthesis of programmable core-based systems has to be
and communications applications, requirements for application- focused toward the integration of area-minimized application-
specific systems typically include design flexibility and data man- driven designs

agement ability. Since the development of such systems is a . .

market-driven task, reducing the time to market and man- A typ.'cal programmable SOC consists of a processor core,

ufacturing cost, while still satisfying application performance instruction and data cache and a number of hardware accelera-

requirements, is an important system synthesis requirement. tors and control blocks. Application-specific integrated circuit
We have developed a new approach for area optimization of (ASIC) floorplans reveal that most of the area in modern

core-based systems. The approach uses _basic block relocation i”SOC'S is dedicated to the processor core and associated caches
order to reduce the number of cache misses and, thus, enable

hardware savings during system synthesis. Given a processor[25]. Depending on the design abstraction, system synthesis
model, a cache model, and a set of nonpreemptive tasks with and, in particular, evaluation of code optimization techniques,
timing constraints, the goal of the synthesis framework is to can be performed in a number of ways. For example, one
s?leqt a slystem %onfigu!ra}t_ion ﬁlprocesfsor, I-cache, and D'Caﬁhe)way is oriented toward development of the actual system
O e el salsfe e perTomance sonsiats The,or it prototype (actual hardware or simulaton sysier). The
component is a code optimization engine that relocates basic @PProach that we are introducing focuses on the development
blocks within a given assembly program in order to reduce Of reasonable high-level system model and measurement of
the number of cache misses. The second component is a searclits performance ahead of any prototypes. While the obvious
mechanism that leverages the improvements in code performance advantage of the first approach is accuracy, the important

obtained by the first component to select the most area-efficient advantage of the second one is that enables svstem tunin
system configuration. g y g

In order to bridge the gap between the profiling and modeling at €arly development stages. _
tools, we have constructed a new performance evaluation plat- We have developed a novel hierarchical modular approach

form. Itjntegrates the existing modeling, profiling,and simulation  for synthesis of programmable core-based data-intensive
tools with the developed system-level synthesis tools. The effec-gn s The approach focuses on reducing the area assigned to
tiveness of the synthesis approach is demonstrated on a variety . .
of modern real-life multimedia and communication applications. the processor corg and the cache SUPSVStem’ while mgetlr\g the
performance requirements of a particular set of applications.
The core of the optimization approach is a new global least-
|. INTRODUCTION constraining/most-constrained probabilistic heuristic used at
ODERN application-specific systems are characterizedmpile time for static relocation of basic blocks. Basic
by a need for increased design flexibility and largblocks in the program are repositioned in such a way
volume data management. The application and technoldtipat the mapping of basic block addresses to cache lines
trends mutually influence the development of programmahiesults in increased cache hit rates. The heuristic exploits the
systems with on-chip memory hierarchies and reusable deformation derived from a profile that measures the spatial
sign components. As the complexity and integration levahd temporal correlation among basic blocks during execution.
of reusable components increase, efficient synthesis of stidie procedure for basic block relocation is used as a system
systems becomes an increasingly important design issue. Reformance optimization engine in the resource allocation
source allocation in such systems depends on the target algorithm. The goal of the resource allocation technique is to
plication and its performance requirements. The goal feelect an area-efficient processor and cache configuration that
designers of systems-on-chip (SOC) is to minimize produsétisfies the target performance requirements for a single and
development and manufacturing cost, while meeting the timisgset of nonpreemptive applications.
constraints. Integrating programmable and hardwired coresTrace-driven simulation is used to accurately evaluate per-
reduces product development time. Similarly, silicon aredarmance of the cache subsystem and to obtain the application
plays an important role in the manufacturing cost. Thereforexecution profile. The Stanford on-line Cache Design Tool
Manuscript received July 6, 1998; revised November 24, 1998. This papggDT [13]) is used to. estimate cache access .Iaten.cy a.nd
was recommended by Associate Editor G. Borriello, ‘ ' area based on properties such as cache total size, line size,
D. Kirovski, C. Lee, and M. Potkonjak are with the Computer Scienckeature size, replacement policy, and set associativity. Data
Department, University of California, Los Angeles, CA 90095-1596 USA. extrapolated from the available literature for commercial pro-

W. H. Mangione-Smith is with the Department of Electrical Engineeringg bl . d . lified del h
University of California, Los Angeles, CA 90095 USA. rammabple cores IS use a-.S a simplifie mo el to approximate
Publisher Item Identifier S 0278-0070(99)06620-8. processor performance with respect to its area. The perfor-
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Fig. 1. Utilizing spatial correlation. Fig. 2. Utilizing temporal correlation.

mance and area estimation models as well as the applicati%r%h 2 manping would reduce performance if the basic blocks
profile drive the code optimization and resource allocatio ppIng P

loop are alternately activated. Standard compilers do not utilize

In order to bridge the gap between the profiling and mog]is information and typically place the code as described in

eling tools from the two traditionally independent synthes%ChedUIeX'
domains [architecture and computer-aided design (CAD)], we
have developed a new system performance evaluation plat-
form. The platform integrates the existing modeling (Stanford We trace the related work along the following three lines:
CDT), profiling (SHADE [7]) and simulation (DINEROIII application-specific system optimization, processor and mem-
[16]) tools with the developed system-level synthesis toolsry hierarchy design, and compilation strategies for embedded
Application profiles are acquired through the use of SHADEystems. SOC’s are becoming an important focus area for
augmented with our own trace analyzer. The result of the tralseth research and commercial developers. Due to market
analysis is an application CFG augmented with informatiqeressure, shortened design cycles have encouraged the use
on spatial and temporal correlation of branch executionsf predesigned processor cores. At the same time, market
We evaluate cache subsystem performance by running firessure to reduce system cost for consumer products has
application execution on the DINEROIII cache simulator. Thepurred the development of system-level synthesis techniques
effectiveness of the approach and the constructed simulat[dh [10], [28]. The developed system synthesis techniques
and evaluation platform is demonstrated on a variety bfve been focused on task scheduling and resource allocation
modern real-life applications [21]. algorithms [23] and interface design and verification [5].
Using the following motivational example, we briefly out-Design-for-composability and ease of core synchronization has
line the key optimization insights that guide the static relocé#een addressed at the system and communication level [6].
tion of basic blocks. Fig. 1 illustrates a loop construct with an As embedded applications have become more com-
embedded conditional construct, where each node is a bagdiex, hardware-software codesign has become increasingly
block and each arc indicates the number of times a certamportant [10], [15]. Key optimization problems in hard-
path is taken. Each basic block is perfectly aligned to a cacivare/software codesign have been identified as system
line and is exactly as large as a line. Most existing compilecemponent allocation, functional partitioning, quality metrics
use a first-evaluated first-out algorithm to map basic blockstimation, model refinement [6], [29], memory allocation
to memory (schedul&). If the profile of the program favors using memory reuse for arrays and storage order [9], and
one branch of the IF-THEN-ELSE structure (e.g’), then control flow optimization for low power [18].
scheduleX results in two conflict cache misses per iteration The increased interest in embedded system design with
on a four-line direct mapped cache. Alternately, scheduleusable core components has encouraged the development
Y results in no conflict misses. This schedule is developed high-level architecture and ASIC evaluation models. For
by mapping the most frequently executed sequence of basiample, The Microprocessor Repopresents a monthly sum-
blocks to sequential locations in memory. mary of the area and performance of numerous commercial
Temporal correlation is used to measure the average sepacessors [25]. The dominant impact of instruction and
ration in time between activations of two basic blocks. Fig. @ata cache size on system performance has been thoroughly
shows a loop construct with profile information. Accordinglystudied [16], [17]. Memory hierarchy synthesis techniques for
basic blocksB and C are executed equal number of timesmultimedia systems have been developed [22].
However, the probability of executing either of these basic Recently, a number of compiler optimization strategies have
blocks in two consecutive iterations may be high. If all obeen introduced for optimizing code generated for embedded
the activations ofB execute first, followed by all of the systems [1]. Compiler techniques for reduction of cache misses
activations ofC, then the two basic blocks can be mapped ta such studies have received significant attention in the re-
the same cache line without impacting performance. Howeveegarch community. A dynamic address remapping for avoiding

Il. RELATED WORK
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TABLE | TABLE 1l
A SamMPLE OF THE CACHE AREA AND LATENCY A SAMPLE OF THE PROCESSORPERFORMANCE VERSUSAREA MODEL [4], [25]

MopEL: A—AREA, L—LATENCY [13] Microprocessor Clock | MIPS | Feature size | Area
Cache 1KB | 4KB | 16KB | 96KB MHz pm mm?
Direct | A (mm?) | 2.11 | 7.20 | 25.26 | 161 StrongARM 233 266 0.35 4.3
Mapped L (ns) 3.79 | 4.16 4.76 6.79 ARM, 7 40 36 0.6 5.9

2-way A (mm?) | 238 | 7.28 | 25.36 156 LSI Logic, TR4101 81 30 0.35 2
L (ns) 5.67 | 5.93 6.96 8.53 LSI Logic, CW4001 60 53 0.5 3.5

4-way A (mm?) | 3.04 | 785 26.3 154 LSI Logic, CW4011 80 120 0.5 7
L (ns) 6.04 | 6.34 7.51 8.83 DSP Group, Oak 80 80 0.6 8.4

NEC, R4100 40 40 0.35 5.4

Motorola, 68000 33 16 0.5 44

conflict misses in large direct-mapped instruction caches has __FowerPC, 403 33 41 0.5 5

been proposed [3]. Static code repositioning by using cache
line coloring at the procedure or basic block level has been
alternative approach proposed and evaluated in [12], [13],

[27]. Similar technique for profile-driven data repositionin
has been proposed in [26].

8%ta for a number of state-of-the-art microcontroller cores from
he CPU Center Info web sitend The Microprocessor Report
gf25]. The list of initial processors is presented in Table II. The
range of microprocessor core area varies from 2—8.42 mm
while the clock frequencies range within 24-266 MHz. Due
lll. PERFORMANCE MODELING to the inconsistencies in the technology parameters, we have

In this section, we describe the hardware performangéaled processor area and performance according to the supply
models for caches and processor cores. Three factors combigkéage [4], clock frequencies, and feature size
to influence system performance: cache miss rates, processor
performance, and system clock speed. The approach that W&EA-SCALED(nominal_feature_size)
use here is to leverage existing models to estimate the area and= - X 4 3 - X?
performance of both caches and processor cores. This apprqg@h: CPU_AREA - scaling_arca(
allows the synthesis system to be rapidly updated and applied
to new technologies.

The Stanford on-line CDT is used to evaluate the imMIPS(nominal_voltage, nominal_clock_freq,
pact of cache design choices on area and access latency. nominal _f cature_size)
Caches typically found in current embedded systems range Y 4672
from 128B to 32KB. Since higher associativity can result
in significantly higher access time, in this work we conside¥’ = CPU-MIPS - scaling mips(voltage, feature size,
only direct mapped and two-way set associative caches. We  clock_freq, nominal(voltage, feature_size,
used a fixed cache line size of 32 bytes. This decision aims clock_freq)).
to eliminate the cache penalty tradeoff problem. Large cache

lines generally result in increased Iatency due to fetching dataThe roadmap for the Sca”ng process (functigua”ng_area

from main memory. Alternately, short cache lines increasgd scaling mipg has been adopted from the state-of-the-
access latency due to greater control hardware. We estimaged technology scaling reference [8]. All processors have
the cache miss penalty based on the operating frequem@en scaled to operate at the same operational voltage (3.3
of the system and external bus width and clock for eaap) have the same feature size (O:8n), and run at the
system investigated. This penalty ranges between four ahme frequency (50 MHz). The scaling constaats-( §) in

20 system clock cycles. Write-back is adopted in contragie binomials that define the given performance-area model
to write-through, since it provides superior performance ifave been bootstrapped such that the correlation between the
uniprocessor systems though at increased hardware cost [kfddel and the individual cores is maximized. This model has
Each of the processors considered is constrained by the Flfjien statistically validated using the resubstitution statistical
limit [13], and thus is able to issue at most a single instructigplidation technology [11]. We have achieved that the maximal

per clock period. As a consequence, the caches are desigréskive error in area-performance for any processor is within
to have a single access port. We used blocking I-caches siace0v% bound.

even for general purpose applications it has been shown that
intelligent traditional cache structure may compensate for most |\ Ty NEw SYSTEM-LEVEL SYNTHESIS APPROACH

of the benefits provided by nonblocking caches [23]. A sample ) ) . ,
this section, we describe the role of each module in the

of the cache model is presented in Table I. Cache acces ' . o
latency and area is computed for a number of organizatioﬂ‘%vemped synthesis framework illustrated in Fig. 3. The core

and sizes, all with implementation feature size fixed at;v6 module in the synthesis flow is a global least-constraining/
and typically six transistors per CMOS static-RAM (SRAMjnost-constrained heuristics that guides the algorithm for basic
cell. block relocation. Basic blocks are repositioned statically, at

We have built a polynomial processor area-performanE@mp”etime’ in a manner that reduces the incidence of conflict
model in the following way. We have collected performance !http://infopad.eecs.berkeley.edu/CIC/.

feature_size, nominal

(feature_size))
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between basic blocks. The custom analyzer also collects the
frequencies of control transfers through each basic block, and
calculates branch temporal correlation.

Once the CFG is obtained, an algorithm is employed to
reposition application basic blocks in such a way that instruc-
tion cache misses are reduced. In our experiments, we use a
basic block relocation look-up table to simulate the relocation
of basic blocks in main memory. An entry in the basic block
relocation table consists of two elements: the original and

| Profile Information l
L]

‘ PERFORMANCE EVALUATION AND SIMULATION PLATFORM ‘

Fig. 3. The hierarchical modular synthesis approach.

relocated starting address of the basic block. To simulate cache
performance of a given application and data stream, we use
a trace-driven cache simulator DINEROIIl. System caches
are described using a number of qualitative and quantitative
parameters such as instruction and data cache size, replacement
policy, set associativity, etc.

The system optimization process is composed of a sequence
of activations of each of these tools. The SHADE analyzer
misses. The temporal correlation of branch outcomes is useqig.eg program and data memory references as well as the
improve cache performance by putting additional constraintgg=G. The CFG is used to drive the code reposition module
on the basic block mapping. Code repositioning is accofhat produces a new application mapping table. Stream of
plished with negligible increase in the static program memopgferences are sent to a program that uses the basic block
size. The modification required to the program involves basig|ocation look up table to map from the original address
block motion, branch target updating, and occasionally branghace into the relocated address space. The remapped trace of
Insertion. addresses, along with all unmodified data memory references,

The application-driven search for a core and cache syst@fnsent to DINEROIII for cache simulation. The final system
with minimal area requires using trace-driven cache simulatiggrformance is computed using the following formu@ycles-
for each promising point considered in the design space. In @rer|nstruction= (System Clock Frequency/MIPS- Cache
der to reduce the number of considered design configurationfiss Ratio- Cache Miss Penaltyvhere Cache Miss Ratio
we use a bounded divide-and-conquer search algorithm wighcomputed during the trace-driven simulation of the cache
pessimistic sharp bounds. subsystemCache Miss PenalfySystem Clock Frequencgnd

Our synthesis tools are augmented with the ability WIIPS are system parameters introduced in Section IIl.
produce a programmable SOC system that satisfies the per-
formance requirements of multiple applications. This system
requirement represents a realistic design expectation for most V. SYNTHESIS ALGORITHMS

modern nonpreemptive multitask application-specific systemsrhjs section discusses the problems encountered in syn-
(e.g., audio/video processing, speech detection, error Cf{esis of a single chip system and competitive optimization
rection). The resource allocation technique considers eagforithms. First, the algorithm for basic block relocation is
microprocessor core and selects the most area-efficient dfiscussed. Second, based on the obtained code repositioning
struction and data cache dESign that satisfies the |nd|V|d%|e, and therefore, improved cache performance' we assem-
performance requirements of all applications. Finally, th§le an area-efficient system configuration (core and cache
configuration that has the smallest total processor and cagi@cture) that satisfies the application-specific performance
area is returned as the best solution. requirements. Finally, a case study is performed involving

System performance is evaluated using a platform thafstem optimization for a set of nonpreemptive applications.
integrates existing simulation, modeling, and profiling tools. The core of the proposed application-driven system-level
SHADE is a tracing tool that allows users to define custogynthesis technique involves basic block repositioning based
trace analyzers and thus collect rich information on runtimgon profile information. Block repositioning aims for appli-
events. The executable binary program is dynamically transation execution on fixed hardware resources with minimal
lated into host machine code. The tool also provides a streaimber of cache misses. Since basic blocks may be, in general,
of data to the translated code that is directly executed fgrger than a single cache line we partition such basic blocks
simulate and trace the original application code. We hawsto basic subblocks. The partitioning is performed in the
written a custom analyzer composed of approximately 20@8llowing way. If a single basic bloclB B is smaller or equal
lines of C code. This analyzer is linked to SHADE to contrab the sizeS of a cache line the® B is also a basic subblock
and analyze the trace information. The analyzer reads relev@BiS). Otherwise BB is partitioned into consecutive partitions
trace information from SHADE and builds a control flowof size S where the last partition is equal or smaller in size
graph (CFG) that corresponds to the dynamically executeslthan S. Each of these partitions is denoted as dBé.
code. The analysis consists of two passes. The first pd$se basic (sub)block relocation phase is fed a CFG of the
determines the boundaries of basic blocks, while the secagplication. The profiling information for each branch (edge
pass constructs a CFG by adding control flow information the CFG) encapsulates the following information.
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according to the pseudocode presented in Fig. 5. The goal of
this transformation is to identify highly probable execution

source

node Sequence X : ABD...ABDACD....ACD paths and to connect their source nodes with all basic blocks
Branch @ A resolved : B.. BC...C in the bodies of those paths. The process of connecting
Equal consccutive outcomes =798 : TC = 798/800 highly spatially correlated basic blocks is terminated when the
c following occur (see Fig. 6).
Sequence Y : ABDACD....ABDACD . . . .
Branch @ A resolved : BCBC... BCBC « The total size of basic blocks considered thus far is larger
Equal consecutive outcomes = 0 : TC = 0 than the size of the I-cache.
« The probability that the traversed path is going to be
TC(B,C) = TC * Max (Number of Activations (B), i 1 i it
Nubor of Activations (O €+ 400 takerj is less than a predeflned. constBnThis conQ|t|on
restricts the search from following too many basic blocks
Fig. 4. Example of temporal correlation. that may result in a globally less probable path.

The weight of an edge drawn between any two nofigs
andN; is equal to the probability that the promoted path from
; to INV; is going to be takenclrrent probability) times
N; to N;. the total numbe_r of times when the source branch is _taken
» A weighted temporal correlatio'C; ; is defined for each _toward t_he destination nods’;. We augment .the CFG V\.”th
information about temporal correlation of disjoint-exclusively

pair of disjoint-exclusive blocksV; and N;, i.e., blocks . .
that cannot be sequentially executed when all feedba%ﬁe_cmed basic blocks by adding edges between them. The

arcs in the CFG are removed (e.g., blocksand C weight of those edges is negative and equal to their temporal
in the IE-THEN-ELSE structure in.F.i'g 4). In order rocorrelation. As depicted in Fig. 7, the best candidates to be

clearly define the weighted temporal correlation betwedfiaPPed to the same cache line where nétis mapped, are

two blocks we introduce the notion of a source nodd’ OF B (weight = —100). _
The source node of two disjoint-exclusive blocks and Once the CFG is transformed, basic blocks are selected

N; is a node nearest to botN; and N;, from which for mapping to particular addresses relative to _the start_ing
both N; and N; can be reached. Weighted temporaﬁ‘ddress of the program. The goal qf the mapping fqnct!on
correlation7'C; ; between nodesV; and NV, is defined 1S to reduce the number of cache misses for the application,
as a product of the probability that the path from thk€. t©© map basic block§ that are likely to be executed
source node ofV; and N; toward nodeN € {N;, N} sequentially into successive memory locations and to map
is taken in two consecutive iterations and the numb&@sic blocks that are executed disjoint-exclusively with high
of times those paths are executed (two different castemporal correlation onto cache-equivalent memory locations.
for temporal correlation are presented in Fig. 4). For thEhe addressed optimization problem is stated in the following
sake of brevity, in the remainder of the paper, we mead¥ay-

weighted temporal correlation when referring to temporal PROBLEM: Basic block repositioning for optimum cache

correlation. performance. .

The result of the first phase in the optimization is a look-up NSTANCE:Cache of siz&, number of setsS, and cache
table that maps each basic block to an address relative to Eﬂ@ size L. Transformed CFGICFG). Each nodeN; (in
program starting address. The relative addresses are used byf'G) has its sizeVi** represented in cache lines. Each
the compiler and linker when the executable binary is creatéflge £; has its weightv.

In order to develop an efficient methodology for finding an QUESTION:Is there a partitioning of nodes such that each
effective mapping function we analyze and transform tHeartition contains a fixed number of nodes, node of size
CFG and apply a global probabilistic least-constraining/mosl cache lines is spread ovéd consecutive partitions, and

constrained heuristic. the sum of weights of edges connecting nodes in different

In the first phase, the correlation between basic blocRértitions is greater tham?
is expressed in the CFG by adding positive weight edgesSince the problem of finding the optimum basic block
between nodes that are expected to be executed sequent@@pping is computationally intractable [20], we opt to em-
with high probability and negative weight edges betweeplOy a heuristic search to obtain a good solution. Although
nodes that have high disjoint-exclusive temporal correlatiogiteedy heuristics seem to have acceptable solution quality
For example, assume that the profile of the IF-THEN-ELS¥ersus search run-time ratio, experiments show that least-
structure presented in Fig. 4 reveals that both basic blogkgnstraining/most-constrained heuristics provide significantly
B and C are executed an equal number of times. Whileetter results both in terms of solution quality and run-time.
many possible execution patterns exist, two extremes dree pseudocode of the heuristic is shown in Fig. 8.
worth considering: block® andC' are executed in alternation The algorithm searches for a set of nodes that should be
or first all of B's activations occur and then all of’s. mapped to the same cache line. These nodes are selected in
While in the former case block® and C' should be mapped such a way that the probability of sequentially executing any
onto different cache lines, in the latter case they could Ipair of nodes from the set is low. The selection is guided
mapped onto the same cache line. The CFG is transformad a simple cost function. This cost function is computed

» Anintensityl; ; of an edge connecting two nodés and
N, is defined as the number of times control flowed fro
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Path promotion:

For each node BB with >, ., Egp; < MIN
current_BB = BB
7 _ current_BB.left intensity current_BB.right.intensity
current,probabzlzty - max(current..BB.previous.intensity 7current_BB,previousintensiiy)

page.size = current_BB.size
While (current_probability > P and page.size < CACHE SIZE)
current_BB = maz intensity_direction(current_BB)
connect_nodes(BB, current_BB):
edge( BB, current_BB).intensity += current_probability » maz_intensity_direction(BB).intensity

page_size += current_BB.size
current_BB.left intensity current_BB.right.intensity )
current_BB.previous.intensity 'current_BB.previous.intenstty

current_probability = max(

‘Weight initialization:
For each edge E
Weight(E) = E.intensity
Merging the information on temporal correlations:
For each node BB
If maz_sntensity_direction(BB).intensity < INTENSITY,,, and maz_intensity_direction(BB).TC > TCiow
Connect sequentially executed nodes from both branches of the conditional
with negative edge weight proportional to their temporal correlation (see Figure 7).
Note that function max._intensity_direction(current_BB)
returns a pointer to the node with higher intensity only if that node
is not included in the so forth promoted path.

Fig. 5. Pseudocode for transformation of the CFG.

optimistic expectation which enables the heavyweight edges
to stay in the partition selection process. Finally, since large
basic blocks might cause fitting problems, we force their
early selection by scaling the cost function with the total size
of included basic blocks. Thus, the most constrained basic
cQ 900 blocks are selected early and assigned to the least-constraining
partitions.

In this phase of the synthesis approach a search is conducted
for an area-efficient system configuration that satisfies the
performance requirements of the target application. The search
algorithm is described using the pseudocode shown in Fig. 9.
Fig. 6. Termination of path promotion. All blocks in the CFG are of equa'I:Or each microprocessor core type, we perform a search
size and the targeted cache size totals four blocks. for the smallest overall cache structure which satisfies the
performance requirements. The search starts by selecting a
set of instruction cache sizes among which it is reasonable
to expect that the best solution is found. For each of the
sample instruction cache sizes, a search is performed in order
to find the smallest data cache size which results in cache
miss ratio smaller than some value defined by the timing
constraints. Since the function that describes a cache miss ratio
monotonically decreases with the increase of the cache size we
employ binary search on the logarithmic scale of data cache
sizes. The final solution is a configuration of a core, I-cache
and D-cache which has the smallest overall area. The search
is terminated every time the current solution is dominated by
some identified solution. Dominated solutions are found in
Fig. 7. An example of inserting temporal correlation into the CFG. Dotte@ne of the following two ways.

weighted edges quantify the temporal correlation between two blocks. 1) Fixed core A:Best cache Subsystem so far recorded for
A totals @ bytes. Fixed I-cache equal? bytes. We do

All blocks of equal
size; $ = 4 blocks

locally, which is the key to efficiency. The efficiency of the not evaluate D-caches larger then— P bytes.
algorithm depends solely on the cost function. Its first argu- 2) Best core-cache configuration totals square millime-
MENt, i Nodes InSET, j=NodesNotInSET ij’ accepts only ters: If we use cored of areaX, we terminate the search

partitions which have large weights of edges coming out from  Whenever the sum of the I-cache and D-cache exceeds
the partition. The sum of edges which connect nodes within £ — X square millimeters.

one partition,X;— Nodes inSET,j=Nodesinser W, forces cre-  Since trace-driven simulation has to be performed every
ation of partitions which have few internal edges. This is @ime a particular cache system is evaluated, we opt to use an
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For each cache entry E;
Randomly select a set SET of f—r-”ﬂLgsﬂ nodes
Set best solution SET° = SET
Repeat GLOBAL times
Replace STEP nodes of the current set SET with nodes in the rest of the graph
If Cost(SET) < Cost(SET?)
SET® = SET
Repeat LOC AL times
SET* = SET?
Replace STEP / 2 nodes of the current set SET™ with nodes from the rest of the graph
If Cost(SET) < Cost(SET®) SET° = SET+
If GLOBAL mod DIFF == 0 STEP = STEP -1
Best solution is SET°. Map all basic blocks in SET? to
cache entry E; and propagate each basic block BB to the next BB.size — 1 cache lines

where Cost(SET) is computed using the following formula:
2

> W, ,
_ i=NodesInSET,j=NodesNotInSET _*J size
COSt(SET) = Zi:NodesInSET Nl

i=NodesInSET,j=NodesInSET Wi
This function is chosen among set of similar cost functions.

Its performance is statistically evaluated and validated.

Fig. 8. Pseudocode for the search for efficient basic block repositioning.

TABLE 111
APPLICATIONS USED IN THE EXPERIMENTATION 32K] Dotted configuration:
g TR T———
Application Source Dynamic instructions ::1) 2K I-cache and
JPEG encoder JPEG Group 3.9 million 5 4K D-cache is the
JPEG decoder JPEG Group 13.8 million 9 minimum total cache
T T T a size for which all
PGP encryption P. Zimmermann 68.8 million K N\ All Applications performance requirements
MPEG decoder MPEG Software 1.1 billion . of all applications are
G.721 Sun Microsystems 62.9 million N T satisfied when executed
: BT \\. Applicati on processor core A,
GSM TU Berlin 148.4 million \\ PP o
Y WO B . Application |
\\Applu, ------ >
L Application 2
For each type of processor core Application 1 —— >
For I_cache :: size = 128B..maz B, sets = 1.2 Application
Selection: Perform Binary Search for D_cache of minimal size Applici¥n 4 '-\‘ T >
such that the configuration (core, I_cache, D_cache) 5 Application 4
128B 2K I-Cache Size 32K

satisfies the application performance requirements.
Return the overall configuration of minimal total area.
At any point during the algorithm, search is terminated along paths
dominated by any other already pessimistically evaluated solution.

Fig. 10. Best instruction cache setups for a single core, four applications
with fixed performance requirements, and a set of fixed data cache sizes.

Fig. 9. Pseudocode for the resource allocation procedure. evaluation procedure. This procedure performs multistart gra-
dient search as the basic parameter optimization mechanism.

approximation method in order to get faster but still accurafe'® program for parameter evaluation first sets the parameters
configuration performance measurements. In order to generf@&erandom values. Then, it checks the optimized function
optimistic estimations we analyze the quality of application§0st( ) when each parameter is positively and negatively

CFG partitioning based on the profile information. The co&ffset by k% of its value. In our experiments, we used
function used to evaluate the solution is k = 2. The parameter that results in the smallest value Cost( )

is then offset to the value that caused this improvement,

Cost(TCFG, SoP) following the steepest descent paradigm. Next, the procedure
Q- Z Wacive; — 3 Z Waci pes exponentlally increases or decreases the selected parameter
i jE€SoP it iCSap using the golden ratio search approach. The golden ratio search
li,j € SoP,i # j| is terminated once the improvement is smaller than a user
»J ) Il

specified value. Once the golden ratio search is completed,

This function is directly proportional to the sum of weightsghe list of the parameters is updated to this new value and
of edges that connect nodes between any two different cathe procedure is iteratively repeated as long as local minimum
line partitions in the set of all partition§oP and sum of is not reached. The performance estimation function is used
weights of edges that connect nodes in the same cache limeur experiments in the following way. For a fixed I-cache
partition. The cost function is normalized with the cardinalitgize and a given microprocessor core we used the performance
of the set of edges which connect nodes in different cackstimation technique to select thHé most promising solutions
line partitions. Parameters and/3 are statistically determined (W = 3). Then, for thosé/ solutions we have used trace-
and validated using the meta-algorithmics methodology [19)riven simulation to find the D-cache size that results in the
The core of the meta-algorithmics approach is the paramelesist number of overall cache misses.



KIROVSKI et al: MEMORY-INTENSIVE SYSTEMS-ON-CHIP 1323

8
=
Q 7
E Y
2 S 6
e B JPEGenc o3
S . s 0 5
E B JPEGdec s 8
o O MPEGdec 28 4
S O PGPenc EE 4
= B GSMenc 2 s
2 @|G.721enc g0 2
[ (8]
s 1
O
128B 256B 512B 1KB 2KB 4KB 128B 256B 512B 1KB 2KB 4KB
Cache size Cache size

optmized code
- N W
o S w &

Estimation of the percent
3

improvement in execution time

optimized with respect to non-
[&)]

Cache miss ratios for non-optmized code

[=}

1288 256B 512B 1KB = 2KB  4KB 1288 2568

512B 1KB 2KB 4KB

Cache size Cache size
w
50 éégﬁg 10
ol 45 mo§$g 9
s0es g .ggmwo 8
c 0BT o g 20 7
858E,% 25882 o
o = 0 o NS
gEges 28258 5
28 =852 ENGTS 2
£@850ap eEES 2
ot gy £E=Eo0g2 3
H o «
cecZ2g8015 §585¢e" 5
cw 22 E10 Q O @
SEYE » 1
SoN58 5 0
e EE B
ESEig O asTeE0 e g g g 2 ¢
25866 ° 2 3 8 e 2 2 P @ o ° < @ &
- = 3 - S S © H 1KB-Opt a & g o = =
o o o (0] a s - w L w (U] 175 ﬂ
IS et o [5128-NO [N o o o o] :
=" %= W ] o S 72} ~ S S = 10}
o o s o 0] 10} o 1KB-NO
Application Application

Fig. 11. Applications used in the experimentation.

Finally, the previous algorithm is augmented with a capabilh C) was optimized for performance by the authors of the
ity of finding the smallest core and cache configuration sudode. The code was compiled as Sun SPARC binaries using the
that performance requirements of multiple nonpreemptive a@NU C compiler with optimization argumentO2. Therefore,
plications are satisfied. Such synthesis task corresponds totte compiler tried to reduce code size and execution time.
real-life case since many embedded communications and capptimizing the code with argumenrtO3 resulted in slightly
puting systems are composed of a set of nonpreemptive regbrse cache hit ratios due to function inlining and other
time applications (e.g., speech and video encoding/decodiggeed_siZe tradeoff optimizations.
encryption, etc.). In order to provide multiple application The power of the global probabilistic least-constrain-

targeted resource allocation, the algorithm presented in Figin8/most-constrained heuristic used in the graph partitioning
needs only be augmented with an improved selection stefy,rithm for mapping an application to a given cache
The modification includes considering a conjunction of app“s'tructure can be observed in Fig. 11. This figure contains

cation requirements, rather than fulfilling a single performan%?x subcharts that quantify (from top left to bottom right);

deadline (see Fig. 10). percentage improvement of the I-cache hit ratio when basic
VI. EXPERIMENTAL RESULTS block relocation is used, the actual cache miss ratios when

. . .the code was optimized using basic block relocation, the
We have used six applications to demonstrate the effective-,. . ; . . .
. . estimation of the percent improvement in execution time of
ness of the approach [21]. Table Ill gives a brief summary g

the applicationg.The source-code of the applications (Writter"flpplIcatIon when basic block relocation is used in a system

with five cycles cache miss latency, the cache miss ratio with
2Details are available at http://www.cs.ucla.edu/leec/mediabench. the code compiled using GNU C compile:€), the estimation
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TABLE IV
AREA-EFFICIENT SYSTEM CONFIGURATIONS FOR A GIVEN APPLICATION
Application Basic blocks Processor Core I-Cache | D-Cache Area Area
relocated improvement
JPEG encoding NO LSI Logic CW4001 2KB 1KB 9.4 mm?
YES LSI Logic CW4001 1KB 1KB 7.7mm? 18%
JPEG decoding NO LSI Logic CW4011 1KB 2KB 12.9 mm?®
YES LSI Logic CW4001 1KB 2KB 9.4 mm? 27%
PGP encryption NO LSI Logic CW4001 1KB 1KB 7.7 mm?
YES LSI Logic TR4101 5128 1KB 5.0 mm?® 35%
MPEG decoding NO StrongARM 2KB 512B 13.8 mm”
YES StrongARM 1KB 512B 12.1 mm? 12%
G.721 encoding NO LSI Logic CW4001 1KB 256B 6.6 mm?>
YES LSI Logic TR4101 1KB 128B 4.3 mm? 35%
GSM encoding NO LSI Logic CW4011 1KB 128B 7.0 mm?
YES LSI Logic CW4001 | 512B 128B 4.7 mm? 33%
TABLE V
AREA-EFFICIENT SYSTEM CONFIGURATIONS FOR THREE SETS OF NONPREEMPTIVE APPLICATIONS
Application Basic blocks Processor Core 1-Cache | D-Cache Area Area
relocated improvement
Application Mix 1. NO StrongARM 2KB 1KB 14.6 mm?
MPEG decoding YES StrongARM 1KB 1KB 12.9 mm? 12%

JPEG decoding
PGP encryption
G.721 encoding
Application Mix 2. NO LSI Logic CW4011 2KB 2KB 14.6 mm”
JPEG decoding YES LSI Logic CW4001 1KB 2KB 9.4 mm? 35%
JPEG encoding
PGP encryption
GSM encoding
Application Mix 3. NO StrongARM 2KB 2KB 16.3 mm?
JPEG encoding YES StrongARM 1KB 2KB 14.6 mm? 10%
MPEG decoding
PGP encryption
G.721 encoding

@
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Fig. 12. Comparison of cache and system performance for relocated and nonoptimized code. Axis label for each chart specifies the performance property
that the chart depicts.

of the percent improvement in execution time of applicatioimproves system performance more significantly when direct-
when basic block relocation is used in a system with differentapped rather than set-associative caches are used [26]. In
cache miss latencies, and the cache miss ratio for optimizeuat experiments, we did not notice a single improvement
and nonoptimized code when two-way set associative When using set-associative caches instead of equal-sized
caches are used. In the first five subcharts, we present diditect-mapped.

only for direct mapped caches since they dominate set-Since in smaller instruction caches conflict misses dominate
associative caches in both latency and area when encounterger effects, basic block repositioning results in significant
cache sizes are small (see Table ). Moreover, code mappingprovement in overall system performance. Depending on



KIROVSKI et al: MEMORY-INTENSIVE SYSTEMS-ON-CHIP 1325

the application, as shown in Table Il, the performance speedup VIl. CONCLUSION
ranges from 40%-11.2% for 128B I-cache. The synthesiStigngs in the application and semiconductor industry indi-

system considers this improvement and accordingly reducgge that future application-specific single-chip systems will

the system’s I-cache size while still achieving basic applicaticmive much of the die area dedicated to the cache subsystem.

performance requirements. For example, if the MPEG applige have developed a hierarchical approach for synthesis of

cation timing constraint allows 10% I|-cache miss ratio, the&ogrammable core-based devices. The synthesis approach
nonoptimized code results in 512B (miss ratio equal 9.37%) puilt around an efficient algorithm for mapping applica-

of I-cache while the optimized code requires only 128B (Misgyns 1o I-caches. The algorithm is used in the search for

ratio equals 7.64%). On the other hand, code relocation ptgy appjication-optimized area-efficient processor core, and
vides negligible performance improvement when larger cach@syction and data cache. The approach synthesizes an area-
are used. This is mainly due to the decreased gap betweendbgmm processor and cache system for the most common
quality of the solution provided by the basic block relocatiogystem environment, a set of nonpreemptive target applica-
algorithm when the number of cache entries increases.  jgns.

The developed application-driven synthesis approach re-ro sypport the evaluation of our synthesis paradigm we have
sulted in area improvements for single application systerjgyejoped a performance estimation platform that integrates
as presented in Table IV. The first two columns present t@gisting modeling, profiling and simulation tools with the new
application and whether it was optimized using basic bloggstem-level synthesis tool. Simulations have demonstrated
relocation. The next three columns describe the allocated cegigt by optimizing code for cache effectiveness, even small
and cache configuration followed by the total required area fegches (size 128B—256B) are sufficient to achieve-%0
the system. The last column specifies the area improvemg{diryction cache hit ratios for many multimedia and communi-
of a system that has optimized code (lower subrow for eaghtions applications. The efficiency of the synthesis approach
application) with respect to a system which runs the originglat facilitates this phenomenon has been tested on a set of

gec code (upper subrow for each application). multimedia and communication benchmarks.
The size of the resulting cores supports the contention that
defining an area-efficient cache subsystem for a particular REFERENCES
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