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Abstract first step refers to the partitioning and mapping of parts of the sys-

tem functionality into software that will execute on programmable

This paper presents a novel system performance analysis technjijoeessor(s), parts that will be implemented by re-using (possibly
to support the design of custom communication architectures &fapting) existing function-specific cores, and parts that will be
System-on-Chip ICs. Our technique fills a gap in existing techompiled into hardware using hardware synthesis tools. The var-
niques for system-level performance analysis, which are eitheus components selected/assembled in the above step will require
too slow to use in an iterative communication architecture designshare data and communicate in order to implement the system
framework €.g, simulation of the complete system), or are not agunctionality. Hence the communication requirements of the sys-
curate enough to drive the design of the communication architéem need to be refined into a communication architecture. Both of
ture (.g, techniques that perform a “static” analysis of the systelfie above steps can significantly influence the quality of the result-
performance). ing system architecture. _

Our technique is based on a hybrid, trace-based performanc&esearchers have worked on developing fast and accurate anal-
analysis methodology where an initial co-simulation of the systeffis techniques for various metrics such as performance, power,
is performed with the communication described in an abstract mapstem costete. for guiding the partitioning/mapping step [1, 2, 3,
ner (.9, as events or abstract data transfers). An abstract sefob, 6]. In this work, our focus is system performance analysis to
traces are extracted from the initial co-simulation that contain netrive the design of the communication architecture. System-level
essary and sufficient information about the computations and cgmiformance analysis techniques which consider the effects of the
munications of the system components. communication architecture can be broadly divided into the follow-

The system designer then specifies a communication architectngecategories:
by selecting a topology consisting of dedicated as well as shared
communication channels (shared buses) interconnected by bridges, Approaches based on simulation of the entire system using
mapping the abstract communications to paths in the communica- models of the components and their communication at differ-
tion architecture, and finally customizing the protocol used for each  ent levels of abstraction [7, 8]. The use of communication ab-
channel. The traces extracted in the initial step are represented as straction provides for a tradeoff between simulation time and
a Communication Analysis GrapfCAG), and an analysis of the accuracy, however, these techniques still require a simulation
CAG provides an estimate of the system performance, as well as of the complete system.
various statistics about the components and their communication.
Experimental results indicate that our performance analysis tech®
nigue achieves accuracy comparable to complete system simulation
(an average error 0f.21%), while being over two orders of magni-
tude faster.

Static system performance estimation techniques that include

models of the communication time [9, 10, 11, 12, 13]. These

techniques often assume systems where the computations and

communications can be statically scheduled. Further, the

communication time estimates used in these systems are ei-

ther overly optimistic, since they ignore dynamic effects such

. as wait time due to bus contention@.[12, 13]), or are overly

1 Introduction pessimistic by assuming a worst-case scenario for bus con-
tention €.9.[9]).

The evolution of the System-on-Chip paradigm in electronic sys- .

tem design has the potential to offer the designer several benefitd! thiS paper, we present a fast and accurate system performance

including improvements in system cost, size, performance, povibd!ysis technique for driving communication architecture design.

dissipation, and design turn-around-time. The ability to realize tHid€ relative accuracy and efficiency of our technique with respect

potential depends on how well the designer exploits the configure-

ability and customizability offered by the system-on-chip approach. o ‘
Unfortunately, due to the increasing scale and complexity of elec- accuracy Bl simuation based techniques
tronic systems, the process of refining an abstract system speci- [ static Analysis based techniques
fication into a system architecture that is optimized for the target [ Proposed echnique
application or domain is becoming an increasingly difficult task. | >

Achieving the disparate goals of reduction in design turn-
around-time while better exploring system-level tradeoffs requires
efficient and accurate analysis tools that guide the designer in the
ir;itialtstage%of tt_he S)ﬁﬁm destign prgc'ﬁss: Aftter cqmpleiingtart] Bgure 1: Accuracy and efficiency of the proposed system
stract specification of the system’s behavior, two important s ; ; ; ; ;
that need to be performed in order to derive a system archifé?é_rformgnce ana_IyS|s technique relative to simulation based
ture are partitioning/mapping and communication refinement. TRBd static analysis based approaches

Efficiency



to simulation-based approaches and static performance analysiscgmt impact on the system performance. We model the problem of
proaches is depicted in Figure 1. Our technique fills a gap in eselecting a communication architecture as consisting of three steps
isting techniques for system-level performance analysis, which &)ethe task of defining @ommunication topologthat consists of
either too slow to use in an iterative communication architectusenetwork of dedicated communication channels and shared com-
design frameworke.g, simulation of the complete system), or arenunication channels, possibly connectedhbyges (ii) the task of

not accurate enough to drive the design of the communication mrapping the abstract communication events onto the implementa-
chitecture €.g, techniques that perform a “static” analysis of théon architecture, and (iii) the task of selecting or customizing the
system performance). protocol for each channel. We first illustrate these steps, and their

Our technique is widely applicable since it supports a geneedfects on system performance, through examples.

communication architecture that can_be based on shared or dedzonsider the system described in Figure 2(a), that consists of a
icated communication channels, while allowing the designer et of four components that synchronize with each other, and ac-
specify a customized protocol for each communication channgbss data in two shared memories. The figure provides a “behav-
An important feature of our approach is its ability to model vaforal” view of the communication, using a separate arc for each

iou_s; ?ynamcijc ef{ecés of thet cotmn}uniﬁc?ti?r)l arcgit?cture ('?jUCht chronization! (represented by dotted arcs) and data transfer
wait times due to bus contention/conflicts), and to consider i i

) - ; = resented by solid arcs). Figures 2(b)-(d) show three alterna-
inter-dependencies between the computations, synchronizati 'topologies %lor the syste)m cogmmuniéazic()n)architecture. In Fig-

and data communications performed by the various COMPONg; 2(b), a single shared bus is used to implement all data transfers,

while estimating the system performance. P ;
Our technique is based on a hybrid, trace-based performa\évp%el:izzm Figures 2(c) and 2(d), two buses (connected by a bridge)

analysis methodology where an initial co-simulation of the syS- |, "3qition to the structure or topology of the communication
trﬁgnnﬁefzﬁorrgseg\%ﬁt‘;g? 282?@3{'1?;20&%?33“&2 ggs?gsér @fthitecture, the mapping of abstract communication to the archi-
of traces agfe extracted from the initial co-simulation that cont lgt%'f‘r:rl]ss?e?'sﬁgzrgdfofﬁgs]et:]heresi:rrgg'ﬁﬁgﬁ%gariséslgr';'?#;e Ze(g),to
necessary and sufficient information about the computations onlv bus. while the inter-component svnchronization is iFrJ]? e
communications of the system components. The system desi &ronly bus, . ponent sy . p
gnted using dedicated communication channels. In Figure 2(c),

then specifies a communication architecture by selecting a to
P ; P » data transfers between componéitandC,, andMemory,
ogy consisting of dedicated as well as shared communication ch apped t@usl, while those between componefllg andCy,

nels (shared buses) interconnected by bridges, mapping the abﬁ%memorﬁ are mapped tBU. In addition. a component can
il , - :

communications to paths in the communication architecture, an (Zé%o use the bridge to communicate with components not attached

nally customizing the protocol used for each channel. The tra
extr);cted in theginitialpstep are represented aSommunication directly to the same bus. For example, the data transfers between

Analysis GrapHCAG), and an analysis of the CAG provides an esz! or(ézlvlandMemor_ylilz (sim_ilar![y, Ehe datfa trangftehrs beth""t%@@gr.‘g
timate of the system performance, as well as various statistics atjguf" egngr)lt)hm require of e per or_met_ roug \ te b” ge..
the components and their communication. Our initial work on anaf} ~'9U"€ (d), the mapping of communication events to buses is

ysis of a system containing a single shared bus is present&ji in §nanged: component, Cz andMemonyl now share a bus while

Th hni resented in thi r enablsiargficantlv mor e remaining components share the second bus.
e techniques presented in this paper enablsigréficantly more -There are several factors that need to be considered when de-

generalsince they enable us to study communication architectu %;lmng which communication architecture among those of Fig-

that (a) consist of an arbitrary interconnected network of dedica : ;
and shared communication channels, (b) have an arbitrary map Sg?ﬁggdge\_’v'” result in the best overall system performance.

of abstract communications to paths in the communication archit

ture (as we will see in the following sections, utilizing the flexibility o An architecture with multiple communication channels may

in order to obtain a high-performance system implementation). ~ cation channels can operate in parallel. As in the case of any
The basic idea of collecting an execution trace and using it other shared system resource, a shared bus limits the parallel

for performance estimation has been used in the field of high- communication between the different components that use it.

performance processor designg.,for cache simulation [14, 15]. However, as shown below, this does not necessarily imply that
We believe that our approach is the first to use this idea in the con- 3 shared bus will lead to poorer performance.

text of application-specific system performance analysis. Also, a o ) )

key difference in our context is that in order to obtain an advantage® Communicating with a component across multiple buses
over existing techniques (such as system simulation and static per- (through a bridge) can result in some additional overheads
formance analysis) it is critical to abstract out information that is when compared to communicating with a component con-
only necessary and sufficient from the initial co-simulation. This nected to the same bus. For example, in Figure 2(c), when
helps us to maintain accuracy comparable to complete system sim- componenC; needs to acceddemory, it first makes a re-
ulation on the one hand, while also achieving high efficiency and ~quest to theArbiterl for accessinggusl. When it receives a
avoiding the problem of explosion of trace sizes. Since our anal- grant to usdusl (after some handshaking time and a possible
ysis is trace based, the results provided by our tool are specific to Wait time due to contention fdBusl), the bridge is activated,
the inputs used for the initial co-simulation. As in the case of any ~and in turn makes a requestAcbiter2. OnceArbiter2 grants
simulation-based analysis, this places additional responsibility on its request, data transfer takes place at a rate determined by
the system designer to provide meaningful stimuli. However, given the minimum of the bandwidth dBusl and the bandwidth
that co-simulation is the most popular system-level analysis tech- Of BU. Thus, multiple levels of handshaking and wait times

nique in practice, we feel that this additional burden on the designer due to contention may be involved, in addition to a potentially
is quite reasonable. slower data transfer rate.

e The communication profiles of the system greatly influence
the choice of communication architecture in several ways. For

2 MOtiV&tiOﬂ example, the concurrency (or lack of it) in the communication
requirements of the various components will determine which

In this section, we motivate the need for analysis techniques sueh — o )

as the ones presented in this paper. We demonstrate that the SéSynchronlzatlon refers to communication without a transfer of data val-
lection of a communication architecture that is well-suited to ties [11]. It can be used to impose a desired structure on the control-flow of
communication traffic profiles of the application can have a signifemmunicating parallel processes.
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Figure 2: (a) An example system SY S4.2 with abstract communication and (b)-(d) Three alternative communication archi-
tectures

components are good candidates to share the same commiexploring the above tradeoffs clearly requires an accurate quan-
nication channel. Components with communication requirttative analysis tool such as the one described in this paper. It is
ments that are largely exclusive in time are better candidategortant that the analysis tool be general in terms of the commu-
to share a bus since the likelihood of bus conflicts is lower. nication architectures it can handied, it is necessary to consider
While each of the above factors in itself has a significant infl@fChitectures containing multiple shared and dedicated channels,
ence on the design of the communication architecture, it is imp@Rd not just single shared bus architectures a8]jn Another im-
tant to note that the factors also interact leading to various tragé!tant point to be noted is that the computation, synchronization,
offs. For example, consideration of the potential parallelism wh@Rd communication times of various components in a system are
using multiple buses suggests that the architectures of Figureis(f?r'depe“d_em Thus, a separate analysis of the communication
and 2(d) are superior to the architecture of Figure 2(b). In ordépe alone will not necessarily reflect the total system performance
to verify whether the above hypothesis holds, we used our tool@gcurately.
perform an analysis of the system performance for a long execution
trace. The performance of the architectures of Figure 2(b)-(d) wie ..
224031 cycles, 244002 cycles, and 165987 cycles, respectivélyl —Effect of customizing bus protocols on sys-
Thus, the single bus architecture of Figure 2(b) is actuallyf&ster tem performance
thanthe two bus architecture of Figure 2(c), contrary to the hypoth-
esis. Upon careful analysis, we were able to explain the resultGgr next experiment shows that even after the communication
follows. Component€; andCz accesdviemoryl more frequently, topology has been selected, customizing the protocols and param-
while C, andC4 perform frequent accesses Memory2. Under eters of each channel can greatly influence the performance of the
the communication architecture of Figure 2(C}, would have to system. Consider a simple system shown in Figure 3 that consists
go through the bridge in order to read or write dat&iemory? (a of two components;1 andC2, that read and write to a global mem-
similar argument holds for compone@t andMemoryl). The in- ory through a shared bus. In addition, the components synchronize
cumbent overhead (due to the two levels of handshaking necessait) each other in order to ensure correct system operation. Each
outweighs the potential improvements possible due to paralleliseomponent makes requests to the arbiter which grants access to the
The communication architecture of Figure 2(d) avoids this probhared bus. The system supports DMA mode transfers across the
lem. In addition, the communication profile of the system is sushared bus.
that communications of componer@s andC, are often concur-  We performed several experiments to investigate the effect of
rent, while those of componen®@s andC, are also concurrent (thisthe variation of DMA block size on the performance of the sys-
is due to the control-flow structure imposed by the inter-componéai. Here we present a test case, where the comp@teper-
synchronization). As a result, the communication architecture fofms computations of average size 10 cycles and memory transfers
Figure 2(d) also results in fewer bus conflicts for each bus coof-average size 100 bus words whit performs computations of
pared to the architecture of Figure 2(c). average size 10 but memory transfers of average size only 10. Fig-
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ure 4 shows the effect of varying DMA sizes (x-axis) on syst augmented| Critical

performance (y-axis). We observe the following: i & statistics | | CAG path

e The choice of bus parameters like DMA size can significantly
affect system performance. For example Figure 4 ShOWS thigg e

performance range f@&2 for varying DMA sizes is 117-250

clock cycles. Figure 5: Two-phase performance analysis methodology
The optimal values of bus parameters like DMA block size

depend heavily on the characteristics of the traffic seen e communication. Here communication is modeled at the abstract
the bus. While increasing the DMA block size generally inlevel, by the exchange of events or tokens. The output of this step
proves the performance G2, it has a negative effect @1, is a “timing inaccurate” system execution trace.

whose computation and bus access profile is different fromThe second phase (enclosed within the dotted box in Figure 5)
that of C2. performs system performance analysis including the effects of the
communication architecture. From the trace obtained in the first
phase, we construct @ommunication Analysis Grap{CAG),
which captures the computations, communications, and the syn-
chronizations seen during simulation of the entire system. In ad-
dition, the designer lays down the communication architecture to
implement the communication events. Based on this architecture,
the tool suitably manipulates the CAG and generates a “timing ac-
\ curate” trace of the system performance under the given communi-
50 I -cl cation architecture. The output of our tool includes:

- c2
> c e An augmented version of the CAG, which has incorporated
into it various latencies introduced by moving from an ab-

stract communication model to an actual one.
~ e An estimate of the performance of the entire system.
0 ; e The system critical path

0 20 40 60 80 100 120 e Statistics regarding bus conflicts, the proportion of the system
dma size critical path occupied by each componestt.

300

iy

execution time

=
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Using this two-phase methodology the time consuming pre-
Figure 4: Effect of DMA size on performance processing step needs to be performed only once. Alternative com-
munication architectures can be evaluated within the second phase
The above investigation demonstrates the criticality of selectiffjthe methodology. Being fast and accurate (as demonstrated in
the optimal bus architectures and protocols, and thereby the n&&gtion 4), the analysis tool can provide the designer with feedback
for fast and accurate performance analysis techniques that can égglarding system performance under many alternative architectures
uate the numerous possible bus architecture and parameter choééin a short span of time. ]
As mentioned in Section 1, static analysis techniques for estimating\s indicated in Figure 5, the second phase consists of three steps:
the communication time in previous work are not accurate enouggstracting information from the simulation trace and constructing
to drive the design of the communication architecture, while a cofit® CAG, specifying the communication architecture, and analyz-

plete HW/SW co-simulation of the system is too time consumiri@d the system performance under the given architecture. In the
to perform iteratively in a design exploration framework. next three subsections we discuss each of these steps in turn.

3.1 Extracting information from HW/SW co-
simulation

In this section we describe the proposed hybrid two-phase meth8dwnulation traces obtained via HW/SW co-simulation can be very
ology for fast and accurate system performance analysis thatdomplex and detailed. Using these raw traces as a starting point
cludes effects of the communication architecture. The complébe our analysis while desirable from an accuracy viewpoint, would
methodology is shown in Figure 5. result in high estimation times. Thus in our approach we extract

The first phase of this methodology constitutes a pre-processimgy the information from the traces that is necessary and sufficient
step in which system simulation of the HW/SW components is cao-perform accurate system performance analysis incorporating the
ried out, without considering the architecture that will implemetffects of the communication architecture.

3 Performance Analysis Methodology



This extraction involves selective omission of unnecessary de- . - S
tails regarding the computations and communications of the sys- rable 1: Description of communication channels

tem componentse(g, the values of internal variables, the values CHANNEL PARAMETERS
of the data communicatecttc). Further, the extraction process b, width = 32
groups contiguous bursts of computation and communication into speed= 66
abstract computation and communication clusters. For example, dma-size= 256
in the traces shown in Figure &omponert and Componer latency=10

each execute computations, communication with memory (via data b, width=8

transfers), and communication between each other (via synchroniz- speed= 100
ing events). However we do not extract the exact values communi- dma-size= 128
cated, or details of each and every computation. latency= 5

These traces are then converted int€@mmunication Anal-
ysis Graph(CAG). Figure 7 shows a simple CAG which repre-
sents the traces of Figure 6. The graph has two kinds of nodes —
computatiorandcommunication— and a set of directed edges rep-
resenting timing dependencies. Dependencies could arise due to the
sequential nature of each component (control-flow dependencies+ . .
or due to inter-component synchronization and communication. 1aole 2: Mapping of components and events to channels
The CAG is acyclic because it is constructed from simulation COMPONENT ASSOCIATED
traces where all dependencies have hawolled in time It is com- CHANNELS AND
pact compared to the simulation traces, because several simulation EVENT MAPPING

events may be collapsed into a single node of the graph. C by: shared, priority=10;
bs: dedicated
Componentl evente 7 by
event g [J bs
........... C; b,: shared, priority=5;

au duuy

bs: dedicated
b,: dedicated
evente [/ b,
evente [J by

Memory access
Computation
——» Synchronization

7 AR

Javauuaay

Figure 6: Traces generated by HW/SW co-simulation
Table 1 shows a set of parameters for each channel. For exam-
ple, for channeb;, width = 32 (in bits), speed= 66MHz, DMA

Componentl transfer size = 25@in channel words) anthtency= 10 (in clock

ype : Com
Start : t=0
Weight : 50

ype : Com
Start : t=152
Weight : 50

ype : Com
Start : t=100
Weight : 1

ype : Com
Start : t=151
Weight : 1

Component2

ype : Com
Start : t=0
Weight : 50

cycles) (atencyrepresents the intrinsic overhead of setting up a
communication oveb;). In Table 2 the set of channels directly
connected to each component is enumerated. For instanée,
connected to channely andbs. Additionally a channel such as
bs, which is dedicated to unidirectional communication froqrto

¢4 is marked in Table 2 as dedicated link Since more than one
component in Figure 8 may simultaneously try to bgdor com-
munication (memory is counted as a component, though one which
does not initiate any communication by itself), is indicated to

be ashared bus In case of a shared bus, a static priority (used to
resolve bus contention) is defined for the component. For example,
the priority ofcy on by is defined to be 10. Table 2 also defines a

mapping from communication events to channels. Companest
. . A associated with more than one channel, therefore each communica-
Figure 7: CAG generated from traces in Figure 6 tjon event (identified by by a unique intege) that is generated by
c1, must be mapped to one of the available channels. For example,

3.2 Characteristics of the communication ar-
chitecture

The analysis technique supports communication architectures with
the following characteristics:

e On-chip communication using channels, where each channel

may either be a dedicated link or a shared bus.
e Parameterized characterization of each channel.
e Arbitrary mapping of events to channels

We next briefly describe the characteristics that constitute a can- A
didate communication architecture. Consider the system shown in C Ce
Figure 8 consisting of 6 components ...,cg and a possible archi-

tecture consisting of two shared busesandb, and three dedicated
links bz, by, bs. The communication architecture needs to be spec-

ified in terms of a parameterized characterization of each charﬁ%@ure 8: A communication architecture involving shared
and as well as a mapping of communication events to channels.buses and dedicated links



the designer may choose to map a synchronizing exeamitted The size of theeommunicatiomode, expressed in terms of bus

by c; to the dedicated channb and a data transfes to the bus cycles, is compared against the maximum permissible DMA size

b1. In fact, any arbitrary mapping of events to channels is possibba the given channel. If the size is larger, a new node of size equal
to the DMA size is created, inserted into the graph and executed.

. . Thestart_timeandweightof the original node is modified and it is
3.3 Algorithm for performance analysis re-inserted into the santeady nodeslist.

In this section, we present the performance analysis algoritrt'ibmmAnal Zer

which is shown in Figure 9). The algorith@ommAnalyzetra- inputs: CAG G, Communication Arch Description
verses the entir€ommunication Analysis Grapmodifies it to ac- gutputs: " TCAG G. Performance Statistics
count for the effects of the specified communication architectutgitical Path ' '
and assigns time-stamps to each node in the graph that reflecinitial

execution timeCommAnalyzeresults in modification of the CAG mark all nodeisited= false;

by readArchitecturéchanne[MAX_CHANNELS]);

e Adding nodes, where necessary, to represent the hand-shaking  initialize(ready node§AX_CHANNELS], G);
required in order to initiate a communicationg, handshak- begin

ing with an arbiter of a shared bus) do
e Re-sizing a communication node into a sequence of nodes that i ;= getchanne(ready nodes;
respect the maximum block transfer size of the chanaegj. ( v:=dequgreadynodesi]);
splitting a large data transfer into DMA blocks) if vtype= COMP
During the traversal,CommAnalyzemmaintains a set of lists, executev); )
ready nodes which contain the nodes that are ready to be executed modifysuccessastart timegv);
(assigned time-stamps). The assignment of time-stamps accounts add.enablednodesv);
for dynamic delays due to bus contention/arbitration, in addition elsif vtype= COMM
to considering the times required for the computation, communi- get weight(v.weight,channeli]);
cation, and handshaking nodes. The weight (execution time) of a if channeli].type= shared
computation node is derived from the initial co-simulation, while if channeli].next free.time> v.start_time
the weights of handshaking and communication nodes depend on v.start time:= channeli].next free time
the amount of data communicated, as well as the characteristics of endif
the communication channel(s) it is mapped to. .
. I creatgw,HS);
The data structurehanne] derived from a specification of the w.start time= v.start_time
communication architecture, contains information about each chan- w.weight= channeli].latency

nel. Channels are numbered 1 throdgAXCHANNEL &N details

of the channeb; are stored irchannel[il. Readynodesis a set of insert(w, G);

lists, one for each channel in the communication architecture. The executéw); L
first list, ready.node$0] is a special list containing nodes that rep- v.start time=w. finish.time;
resent ready computation events whiteadynodesi], (i > 0) con- endif

tains the set of nodes that represent ready communication events if vweight< channeli]. DMA_SIZE

mapped to channdd;. Nodes in each list are sorted btart_time executev); ) o

and priority is used as a secondary key. This ensures that if two channefi].next freetime:=v. finish.time

components simultaneously raise a request for a shared channel, modify successastart timegv);

the one of greater priority is served first. add.enablednodegv);
The algorithm proceeds by invokimget channelwhich exam- else

ines the first node of every list and chooses to execute the one with creatgV/, COMM); )

the earlieststart_time, sayv. If v is acomputationnode,i.e., v v.starttime= v.starttime

was dequeued fromeadynode$0], it is executed. The function }/.welght: channeli]. DMA_SIZE,

executév) involves removingv from the list of readynodesand insert(v',G);

marking itvisited Housekeeping operations involve adjusting the executév);

start_timesof its successors, and inserting any enabled nodes into V' .start_time= V. finish.time

an appropriateeady.nodedlist. _ ) v.weight= v.weight— channeli]. DMA_SIZE,
If vis acommunicatiomode, the node is scaled lggt weight insert(v, ready.nodes;

to incorporate the width and speed of the charimeb which it is endif

mapped. On dequeuing the node from tfdist in readynodes _endif

its actual size in terms of bus cycles is calculated from the width ~ until no more ready nodes

and speed of the channigl and the original weight of the node in generatestats);

bytes. end

Immediately after it is dequeued fromeadynodesi], the
start_time tof a communicationnode v represents the time at : . ;
which it makes a request for access to the chabnellf b is a Figure 9: TheCommaAnalyzer algorithm.
shared bus, a check is made for the most recent node that accessgghiting for a free channel and resizing of nodes may change the
bi. Ifit has afinishtimeof t, (wheret, > t;), the tool will delay  finish_timeof the currently executing nodeand therefore the new
thestart.timeof the requesting nodeto timet,. weightplus the newstart_fimeis used to update the start-times of

A handshakenode is constructed to take into account the ovegs successors. This is done yodifysuccessastart times En-
head of the protocol. The size of this node is dictated by the valuegfeq successors (those successors all of whose predecessors have
a constantatencywhose value represents the intrinsic channel spgsen executed) are then put into the appropriate ligtady nodes
cific overhead preceding the actual communication. Staettime py a9d enablednodes This function also accumulates statistics
of the handshakeode ist,, while the actual communication eventy ot help determine the critical path
is assigned atart_timeof t, + latency If b; is a dedicated link, the )
check for concurrent access is not performed andhtnedshake  The output of the algorithm includes execution statistics and per-
node is not generated. formance and critical path information. The algorithm terminates



when all the nodes of the CAG are visited exactly once. buses (Case 2). Table 4 shows results of simulating the system un-
der one configuration of Case 1 and for two configurations of Case
2.

4 Experimental Results
_ _ o Table 4: Comparison of alternative architectures of TIeP
In this section, we report on the application of the proposed aW’“‘TCPIP Communication | CAG Analysis | Co-simulation | Error

ysis technique to evaluate alternative communication architectyires ~ Architecture Estimate Estimate %
of two example HW/SW systems. _ _ (cycles) (cycles)
Each example system is described as a set of communﬁiteﬁ‘-’”“gz%se1B“SW'd‘h: 32,

. . . N DMA_SIZE=inf., -
ing processes using Esterel and C in the POLIS [16] co-de 'SEEATE_PAEKET>>'TP_CHK>> 69013 69508 0.71

framework. Subsequent HW/SW co-simulation of the system Ls- _cHKSUM, Latency=1
ing PTOLEMY [17] assumes an abstract event-based modelin{c@f‘f'g = Case 2 bus = bus = bus;:

" . . . idth=32DMA_SIZE= inf., -
communication. Traces are collected, converted into an equival@REATE pacKETosp C ks> 35079 36075 2.76

CAG, and input to our analysis tool, along with a description of  cHksuM,Latency 1
the communication architecture that is to be evaluated. In ordeJ\qu'e)‘fig = Case 7 bus = bus = bus:

confirm the accuracy and efficiency of our analysis technique, thelY/h=10DMA_SIZE int, 67645 66636 1.51
system performance is also measured by co-simulation of the etire” crik sum,Latency 1
system, including components and explicit hardware models of the
communication architecture [18], using PTOLEMY. S

The first set of experiments were conducted on SYS4.2, the fourAgain, it is clear that no loss of accuracy has been suffered. Ad-
component system shown in Figure 2(a) and described in Sectioflifonally, Table 4 shows a comparison of the performance of the
Table 3 reports the results of performance analysis using both #i¥&tem under three situations. The shared bus of 32 bits provides
proposed CAG-based analysis method, and the traditional approgegrer performance (49.2%) than a multiple bus configuration of

of co-simulation on three alternative communication architectur@sbuses that allow uninterrupted pipelined processing of incoming
Case 1 - Case 3 shown in Figures 2(b)-(d). packets. (While packetis accessed by CHKSUM in MEM3 via

The results in Table 3 demonstrate: Bus 3, packei + 1 is accessed by IEHK in MEM2 via Bus 2,
; ; ; and packei + 2 is written to MEM1 via Bus 1). However when

¢ ;';Pee e%rt(i)rggfgsd g&gﬁgﬁgﬁ; Vﬁ‘i?ﬁlz 531555,2‘3&”{&35;503&%?5% width of each of the three buses was reduced to 16, the perfor-

co-simulation. ) nce improvement dropped to only 2%, showing that the advan-
. . L . tage of splitting the bus and thereby decreasing conflicts is heavily

» Exploring various communication architectures can lead ggyntered by the price of lower bandwidth on each bus.
significantly better design choices to improve the performancerapie 5 compares the efficiency of our technique versus com-
of ahsysthem.d'l;)he rleSL(;Its indicate tha}t in Case 1b confliiiste system co-simulation for 4 of the configurations studied. The
ohn the share s us lea th poctJ)rer per Orlman%e (@ OL# 26t column denotes the time taken by the first phase (co-simulation
than Case 3, where use of two buses exploits the sync rc’”\Kzé"\Tch uses an abstract event-based model of communication). The
tion between the components to minimize conflicts on eagBicond column shows the time taken by our analysis tool to gen-
of shared buses. However even though Case 2 uses multgfgre performance figures for a given CAG and communication ar-
buses, the additional cost of communicating through a bridggitecture. The third column denotes the time taken for the entire
by for each memory request Iy andCz degrades perfor- system to be co-simulated, including behavioral HW models of the
mance by 9%. communication architecture. Also note that system co-simulation

Our second example system, shown in Figure 10(a), is a th}@%pg the hardware models of the communication architecture (third
component system that is part of a T@FPnetwork interface card. COlUmn of Table 5) takes significantly more time than co-simulation

It performs a checksum computation on packets arriving from tﬁréanOgT$§bYé'tg) an abstract model of communication (second col-

network. Each packet is written to memory by CREAPECKET, y . .

whichthen ignelsFEHK o oveic & bt th header it RSIETIets of ibsec Une wste made o 5 sl user ur
e e e e s ine pocd Up o Usng ouranalysi over Coventonal 1Sy
e heckcum and signals 1 calelate e e vlue by procSETIAIEN 5 205 1 9eners, Tl 5 epors 2 seed 1o of 2
Irg?sede. IS stored in memory. € wo do not maich an error%ﬁst column_entries of rows 2 and 3 of Table 5 are zero because
Two alternative communication architectures are shown: F%r_\ly one initial co-simulation (that reported in row 1) was necessary

ure 10(b), using a shared bus (Case 1), and Figure 10(c), using t Quder to explore all the alternative communication architectures.
erice, evaluating several alternative communication architectures

using our analysis technique is accurate and fast, while it would be

Table 3: Comparison of alternative architectures of SY S4pgohibitively time-consuming using the system co-simulation ap-
proach (fourth column).

SYS4.2 Communication| CAG Analysis | Co-simulation | Error %
Architecture Estimate Estimate
(cycles) (cycles)
Config = Case H
Bus: it 8, OMA = 50, 224031 231970 342 5 Conclusions
C1>C2>C3>C4, Latency=1
Config = Case 2 In this paper we have demonstrated that the selection of communi-
B“%{‘Q‘é‘? :Lagté[;z"i:lm cation architectures — their topology and per channel characteris-
BusATIGth = 8 DMA = 50, 244002 245696 -0.70 tics — can have a significant impact on the performance of a sys-
C3>C4, Latency= 1 tem, motivating the need for fast and accurate exploration tools to
Config = Case 3 evaluate various design alternatives. We have described a trace-
Buswidth L oonma 150 based approach that we believe will be helpful in meeting this need
Bus-width = 8, DMA = 50, 165987 169999 -2.36 in the SOC design environment, and have presented experimen-
C2>C4, Latency=1 tal results that support claims of efficiency and accuracy. In fu-

ture work we intend to address the issue of how to incorporate the
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Figure 10: Alternative implementations of TGP

. L 9
Table 5: Comparison of running time of CAG based analys ]

against co-simulation

Case Study | Co-simulation for | CAG Based System Speedup
CAG Generation Analysis | co-simulation
(seconds) (seconds) (seconds)
SYS4.2in 220 8.2 1325 162
Casel
configuration
SYS4.2in 0 8.3 1895 228
Case2
configuration
SYS4.2in 0 7.6 1863 245
Case 3
configuration
TCP_IPin 84 3.0 688 229
Case 1
configuration

[10]

[11]

(12]

[13]

[14]

proposed analysis tool into a optimization framework that will au-

tomatically generate an optimal communication architecture fo
given system.
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