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Abstract
This paper presents a novel system performance analysis technique
to support the design of custom communication architectures for
System-on-Chip ICs. Our technique fills a gap in existing tech-
niques for system-level performance analysis, which are either
too slow to use in an iterative communication architecture design
framework (e.g., simulation of the complete system), or are not ac-
curate enough to drive the design of the communication architec-
ture (e.g., techniques that perform a “static” analysis of the system
performance).

Our technique is based on a hybrid, trace-based performance
analysis methodology where an initial co-simulation of the system
is performed with the communication described in an abstract man-
ner (e.g., as events or abstract data transfers). An abstract set of
traces are extracted from the initial co-simulation that contain nec-
essary and sufficient information about the computations and com-
munications of the system components.

The system designer then specifies a communication architecture
by selecting a topology consisting of dedicated as well as shared
communication channels (shared buses) interconnected by bridges,
mapping the abstract communications to paths in the communica-
tion architecture, and finally customizing the protocol used for each
channel. The traces extracted in the initial step are represented as
a Communication Analysis Graph(CAG), and an analysis of the
CAG provides an estimate of the system performance, as well as
various statistics about the components and their communication.
Experimental results indicate that our performance analysis tech-
nique achieves accuracy comparable to complete system simulation
(an average error of 1:91%), while being over two orders of magni-
tude faster.

1 Introduction
The evolution of the System-on-Chip paradigm in electronic sys-
tem design has the potential to offer the designer several benefits,
including improvements in system cost, size, performance, power
dissipation, and design turn-around-time. The ability to realize this
potential depends on how well the designer exploits the configure-
ability and customizability offered by the system-on-chip approach.
Unfortunately, due to the increasing scale and complexity of elec-
tronic systems, the process of refining an abstract system speci-
fication into a system architecture that is optimized for the target
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
initial stages of the system design process. After completing an ab-
stract specification of the system’s behavior, two important steps
that need to be performed in order to derive a system architec-
ture are partitioning/mapping and communication refinement. The

first step refers to the partitioning and mapping of parts of the sys-
tem functionality into software that will execute on programmable
processor(s), parts that will be implemented by re-using (possibly
adapting) existing function-specific cores, and parts that will be
compiled into hardware using hardware synthesis tools. The var-
ious components selected/assembled in the above step will require
to share data and communicate in order to implement the system
functionality. Hence the communication requirements of the sys-
tem need to be refined into a communication architecture. Both of
the above steps can significantly influence the quality of the result-
ing system architecture.

Researchers have worked on developing fast and accurate anal-
ysis techniques for various metrics such as performance, power,
system cost,etc. for guiding the partitioning/mapping step [1, 2, 3,
4, 5, 6]. In this work, our focus is system performance analysis to
drive the design of the communication architecture. System-level
performance analysis techniques which consider the effects of the
communication architecture can be broadly divided into the follow-
ing categories:

� Approaches based on simulation of the entire system using
models of the components and their communication at differ-
ent levels of abstraction [7, 8]. The use of communication ab-
straction provides for a tradeoff between simulation time and
accuracy, however, these techniques still require a simulation
of the complete system.

� 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 (e.g.[12, 13]), or are overly
pessimistic by assuming a worst-case scenario for bus con-
tention (e.g.[9]).

In this paper, we present a fast and accurate system performance
analysis technique for driving communication architecture design.
The relative accuracy and efficiency of our technique with respect
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Figure 1: Accuracy and efficiency of the proposed system
performance analysis technique relative to simulation based
and static analysis based approaches



to simulation-based approaches and static performance analysis ap-
proaches is depicted in Figure 1. Our technique fills a gap in ex-
isting techniques for system-level performance analysis, which are
either too slow to use in an iterative communication architecture
design framework (e.g., simulation of the complete system), or are
not accurate enough to drive the design of the communication ar-
chitecture (e.g., techniques that perform a “static” analysis of the
system performance).

Our technique is widely applicable since it supports a general
communication architecture that can be based on shared or ded-
icated communication channels, while allowing the designer to
specify a customized protocol for each communication channel.
An important feature of our approach is its ability to model var-
ious dynamic effects of the communication architecture (such as
wait times due to bus contention/conflicts), and to consider the
inter-dependencies between the computations, synchronizations,
and data communications performed by the various components
while estimating the system performance.

Our technique is based on a hybrid, trace-based performance
analysis methodology where an initial co-simulation of the sys-
tem is performed with the communication described in an abstract
manner (e.g., as events or abstract data transfers). An abstract set
of traces are extracted from the initial co-simulation that contain
necessary and sufficient information about the computations and
communications of the system components. The system designer
then specifies a communication architecture by selecting a topol-
ogy consisting of dedicated as well as shared communication chan-
nels (shared buses) interconnected by bridges, mapping the abstract
communications to paths in the communication architecture, and fi-
nally customizing the protocol used for each channel. The traces
extracted in the initial step are represented as aCommunication
Analysis Graph(CAG), and an analysis of the CAG provides an es-
timate of the system performance, as well as various statistics about
the components and their communication. Our initial work on anal-
ysis of a system containing a single shared bus is presented in [?].
The techniques presented in this paper enable aresignificantly more
generalsince they enable us to study communication architectures
that (a) consist of an arbitrary interconnected network of dedicated
and shared communication channels, (b) have an arbitrary mapping
of abstract communications to paths in the communication architec-
ture (as we will see in the following sections, utilizing the flexibility
offered by a general communication architecture template is critical
in order to obtain a high-performance system implementation).

The basic idea of collecting an execution trace and using it
for performance estimation has been used in the field of high-
performance processor design,e.g.,for cache simulation [14, 15].
We believe that our approach is the first to use this idea in the con-
text of application-specific system performance analysis. Also, a
key difference in our context is that in order to obtain an advantage
over existing techniques (such as system simulation and static per-
formance analysis) it is critical to abstract out information that is
only necessary and sufficient from the initial co-simulation. This
helps us to maintain accuracy comparable to complete system sim-
ulation on the one hand, while also achieving high efficiency and
avoiding the problem of explosion of trace sizes. Since our anal-
ysis is trace based, the results provided by our tool are specific to
the inputs used for the initial co-simulation. As in the case of any
simulation-based analysis, this places additional responsibility on
the system designer to provide meaningful stimuli. However, given
that co-simulation is the most popular system-level analysis tech-
nique in practice, we feel that this additional burden on the designer
is quite reasonable.

2 Motivation
In this section, we motivate the need for analysis techniques such
as the ones presented in this paper. We demonstrate that the se-
lection of a communication architecture that is well-suited to the
communication traffic profiles of the application can have a signif-

icant impact on the system performance. We model the problem of
selecting a communication architecture as consisting of three steps
(i) the task of defining acommunication topologythat consists of
a network of dedicated communication channels and shared com-
munication channels, possibly connected bybridges, (ii) the task of
mapping the abstract communication events onto the implementa-
tion architecture, and (iii) the task of selecting or customizing the
protocol for each channel. We first illustrate these steps, and their
effects on system performance, through examples.

Consider the system described in Figure 2(a), that consists of a
set of four components that synchronize with each other, and ac-
cess data in two shared memories. The figure provides a “behav-
ioral” view of the communication, using a separate arc for each
synchronization1 (represented by dotted arcs) and data transfer
(represented by solid arcs). Figures 2(b)-(d) show three alterna-
tive topologies for the system communication architecture. In Fig-
ure 2(b), a single shared bus is used to implement all data transfers,
whereas in Figures 2(c) and 2(d), two buses (connected by a bridge)
are used.

In addition to the structure or topology of the communication
architecture, the mapping of abstract communication to the archi-
tecture is also different for the three architectures. In Figure 2(b),
all data transfers to and from the shared memories are mapped to
the only bus, while the inter-component synchronization is imple-
mented using dedicated communication channels. In Figure 2(c),
the data transfers between componentsC1 andC2, andMemory1,
are mapped toBus1, while those between componentsC3 andC4,
andMemory2, are mapped toBus2. In addition, a component can
also use the bridge to communicate with components not attached
directly to the same bus. For example, the data transfers between
C1 orC2 andMemory2 (similarly, the data transfers betweenC3 and
C4 andMemory1) will require to be performed through the bridge.
In Figure 2(d), the mapping of communication events to buses is
changed: componentsC1, C3 andMemory1 now share a bus while
the remaining components share the second bus.

There are several factors that need to be considered when de-
termining which communication architecture among those of Fig-
ures 2(b)-(d) will result in the best overall system performance.
These include:

� An architecture with multiple communication channels may
allow for greater parallelism, because each of the communi-
cation channels can operate in parallel. As in the case of any
other shared system resource, a shared bus limits the parallel
communication between the different components that use it.
However, as shown below, this does not necessarily imply that
a shared bus will lead to poorer performance.

� Communicating with a component across multiple buses
(through a bridge) can result in some additional overheads
when compared to communicating with a component con-
nected to the same bus. For example, in Figure 2(c), when
componentC1 needs to accessMemory2, it first makes a re-
quest to theArbiter1 for accessingBus1. When it receives a
grant to useBus1 (after some handshaking time and a possible
wait time due to contention forBus1), the bridge is activated,
and in turn makes a request toArbiter2. OnceArbiter2 grants
its request, data transfer takes place at a rate determined by
the minimum of the bandwidth ofBus1 and the bandwidth
of Bus2. Thus, multiple levels of handshaking and wait times
due to contention may be involved, in addition to a potentially
slower data transfer rate.

� The communication profiles of the system greatly influence
the choice of communication architecture in several ways. For
example, the concurrency (or lack of it) in the communication
requirements of the various components will determine which

1Synchronization refers to communication without a transfer of data val-
ues [11]. It can be used to impose a desired structure on the control-flow of
communicating parallel processes.
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Figure 2: (a) An example system SYS4.2 with abstract communication and (b)-(d) Three alternative communication archi-
tectures

components are good candidates to share the same commu-
nication channel. Components with communication require-
ments that are largely exclusive in time are better candidates
to share a bus since the likelihood of bus conflicts is lower.

While each of the above factors in itself has a significant influ-
ence on the design of the communication architecture, it is impor-
tant to note that the factors also interact leading to various trade-
offs. For example, consideration of the potential parallelism when
using multiple buses suggests that the architectures of Figure 2(c)
and 2(d) are superior to the architecture of Figure 2(b). In order
to verify whether the above hypothesis holds, we used our tool to
perform an analysis of the system performance for a long execution
trace. The performance of the architectures of Figure 2(b)-(d) were
224031 cycles, 244002 cycles, and 165987 cycles, respectively.
Thus, the single bus architecture of Figure 2(b) is actually 9%faster
thanthe two bus architecture of Figure 2(c), contrary to the hypoth-
esis. Upon careful analysis, we were able to explain the result as
follows. ComponentsC1 andC3 accessMemory1 more frequently,
while C2 andC4 perform frequent accesses toMemory2. Under
the communication architecture of Figure 2(c),C3 would have to
go through the bridge in order to read or write data inMemory2 (a
similar argument holds for componentC3 andMemory1). The in-
cumbent overhead (due to the two levels of handshaking necessary)
outweighs the potential improvements possible due to parallelism.

The communication architecture of Figure 2(d) avoids this prob-
lem. In addition, the communication profile of the system is such
that communications of componentsC1 andC2 are often concur-
rent, while those of componentsC3 andC4 are also concurrent (this
is due to the control-flow structure imposed by the inter-component
synchronization). As a result, the communication architecture of
Figure 2(d) also results in fewer bus conflicts for each bus com-
pared to the architecture of Figure 2(c).

Exploring the above tradeoffs clearly requires an accurate quan-
titative analysis tool such as the one described in this paper. It is
important that the analysis tool be general in terms of the commu-
nication architectures it can handle (e.g., it is necessary to consider
architectures containing multiple shared and dedicated channels,
and not just single shared bus architectures as in [?]). Another im-
portant point to be noted is that the computation, synchronization,
and communication times of various components in a system are
inter-dependent. Thus, a separate analysis of the communication
time alone will not necessarily reflect the total system performance
accurately.

2.1 Effect of customizing bus protocols on sys-
tem performance

Our next experiment shows that even after the communication
topology has been selected, customizing the protocols and param-
eters of each channel can greatly influence the performance of the
system. Consider a simple system shown in Figure 3 that consists
of two components,C1 andC2, that read and write to a global mem-
ory through a shared bus. In addition, the components synchronize
with each other in order to ensure correct system operation. Each
component makes requests to the arbiter which grants access to the
shared bus. The system supports DMA mode transfers across the
shared bus.

We performed several experiments to investigate the effect of
the variation of DMA block size on the performance of the sys-
tem. Here we present a test case, where the componentC1 per-
forms computations of average size 10 cycles and memory transfers
of average size 100 bus words whileC2 performs computations of
average size 10 but memory transfers of average size only 10. Fig-
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Figure 3: Example system to illustrate effect of DMA size
on performance

ure 4 shows the effect of varying DMA sizes (x-axis) on system
performance (y-axis). We observe the following:

� The choice of bus parameters like DMA size can significantly
affect system performance. For example Figure 4 shows the
performance range forC2 for varying DMA sizes is 117-250
clock cycles.

� The optimal values of bus parameters like DMA block size
depend heavily on the characteristics of the traffic seen on
the bus. While increasing the DMA block size generally im-
proves the performance ofC2, it has a negative effect onC1,
whose computation and bus access profile is different from
that ofC2.
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Figure 4: Effect of DMA size on performance

The above investigation demonstrates the criticality of selecting
the optimal bus architectures and protocols, and thereby the need
for fast and accurate performance analysis techniques that can eval-
uate the numerous possible bus architecture and parameter choices.
As mentioned in Section 1, static analysis techniques for estimating
the communication time in previous work are not accurate enough
to drive the design of the communication architecture, while a com-
plete HW/SW co-simulation of the system is too time consuming
to perform iteratively in a design exploration framework.

3 Performance Analysis Methodology
In this section we describe the proposed hybrid two-phase method-
ology for fast and accurate system performance analysis that in-
cludes effects of the communication architecture. The complete
methodology is shown in Figure 5.

The first phase of this methodology constitutes a pre-processing
step in which system simulation of the HW/SW components is car-
ried out, without considering the architecture that will implement
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Figure 5: Two-phase performance analysis methodology

the communication. Here communication is modeled at the abstract
level, by the exchange of events or tokens. The output of this step
is a “timing inaccurate” system execution trace.

The second phase (enclosed within the dotted box in Figure 5)
performs system performance analysis including the effects of the
communication architecture. From the trace obtained in the first
phase, we construct aCommunication Analysis Graph(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-
cation architecture. The output of our tool includes:

� 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.

� An estimate of the performance of the entire system.
� The system critical path
� Statistics regarding bus conflicts, the proportion of the system

critical path occupied by each component,etc.

Using this two-phase methodology the time consuming pre-
processing step needs to be performed only once. Alternative com-
munication architectures can be evaluated within the second phase
of the methodology. Being fast and accurate (as demonstrated in
Section 4), the analysis tool can provide the designer with feedback
regarding system performance under many alternative architectures
within a short span of time.

As indicated in Figure 5, the second phase consists of three steps:
abstracting information from the simulation trace and constructing
the CAG, specifying the communication architecture, and analyz-
ing the system performance under the given architecture. In the
next three subsections we discuss each of these steps in turn.

3.1 Extracting information from HW/SW co-
simulation

Simulation traces obtained via HW/SW co-simulation can be very
complex and detailed. Using these raw traces as a starting point
for our analysis while desirable from an accuracy viewpoint, would
result in high estimation times. Thus in our approach we extract
only the information from the traces that is necessary and sufficient
to perform accurate system performance analysis incorporating the
effects of the communication architecture.
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This extraction involves selective omission of unnecessary de-
tails regarding the computations and communications of the sys-
tem components (e.g., the values of internal variables, the values
of the data communicated,etc). Further, the extraction process
groups contiguous bursts of computation and communication into
abstract computation and communication clusters. For example,
in the traces shown in Figure 6,Component1 andComponent2
each execute computations, communication with memory (via data
transfers), and communication between each other (via synchroniz-
ing events). However we do not extract the exact values communi-
cated, or details of each and every computation.

These traces are then converted into aCommunication 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 —
computationandcommunication— 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.

The CAG is acyclic because it is constructed from simulation
traces where all dependencies have beenunrolled in time. It is com-
pact compared to the simulation traces, because several simulation
events may be collapsed into a single node of the graph.

Component1

Component2
10050 152 Memory access

Synchronization
Computation

Figure 6: Traces generated by HW/SW co-simulation

Component2
Type : Comm

Start : t=0
Weight : 50

Type : Comp
Start : t=101
Weight : 50

Component1
Type : Comm

Start : t=0
Weight : 50

Type : Comp
Start : t=50
Weight : 50

Type : Comm
Start : t=152
Weight : 50

Type : Comm
Start : t=100
Weight : 1

Type : Comm
Start : t=151
Weight : 1

Figure 7: CAG generated from traces in Figure 6

3.2 Characteristics of the communication ar-
chitecture

The analysis technique supports communication architectures with
the following characteristics:
� On-chip communication using channels, where each channel

may either be a dedicated link or a shared bus.
� Parameterized characterization of each channel.
� Arbitrary mapping of events to channels
We next briefly describe the characteristics that constitute a can-

didate communication architecture. Consider the system shown in
Figure 8 consisting of 6 componentsc1; :::;c6 and a possible archi-
tecture consisting of two shared busesb1 andb2 and three dedicated
links b3;b4;b5. The communication architecture needs to be spec-
ified in terms of a parameterized characterization of each channel
and as well as a mapping of communication events to channels.

Table 1: Description of communication channels
CHANNEL PARAMETERS

b1 width = 32
speed= 66
dma-size= 256
latency=10

b2 width = 8
speed= 100
dma-size= 128
latency= 5

... ...

Table 2: Mapping of components and events to channels
COMPONENT ASSOCIATED

CHANNELS AND
EVENT MAPPING

c1 b1: shared, priority=10;
b5: dedicated
event e1 ➜ b1

event e2 ➜ b5

c2 b1: shared, priority=5;
b3: dedicated
b4: dedicated
event e3 ➜ b4

event e4 ➜ b1

... ...

Table 1 shows a set of parameters for each channel. For exam-
ple, for channelb1, width= 32 (in bits),speed= 66MHz, DMA
transfer size = 256(in channel words) andlatency= 10 (in clock
cycles) (latency represents the intrinsic overhead of setting up a
communication overb1). In Table 2 the set of channels directly
connected to each component is enumerated. For instance,c1 is
connected to channelsb1 andb5. Additionally a channel such as
b5, which is dedicated to unidirectional communication fromc1 to
c4 is marked in Table 2 as adedicated link. Since more than one
component in Figure 8 may simultaneously try to useb1 for com-
munication (memory is counted as a component, though one which
does not initiate any communication by itself),b1 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 ofc1 on b1 is defined to be 10. Table 2 also defines a
mapping from communication events to channels. Componentc1 is
associated with more than one channel, therefore each communica-
tion event (identified by by a unique integerei) that is generated by
c1, must be mapped to one of the available channels. For example,

c4c5c1 c2

c3 c6

b3

b4

b5

b1 b2

Figure 8: A communication architecture involving shared
buses and dedicated links
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the designer may choose to map a synchronizing evente1 emitted
by c1 to the dedicated channelb5 and a data transfere2 to the bus
b1. In fact, any arbitrary mapping of events to channels is possible.

3.3 Algorithm for performance analysis
In this section, we present the performance analysis algorithm,
which is shown in Figure 9). The algorithmCommAnalyzertra-
verses the entireCommunication Analysis Graph, modifies it to ac-
count for the effects of the specified communication architecture,
and assigns time-stamps to each node in the graph that reflect its
execution time.CommAnalyzerresults in modification of the CAG
by
� Adding nodes, where necessary, to represent the hand-shaking

required in order to initiate a communication (e.g., handshak-
ing with an arbiter of a shared bus)

� Re-sizing a communication node into a sequence of nodes that
respect the maximum block transfer size of the channel (e.g.
splitting a large data transfer into DMA blocks)

During the traversal,CommAnalyzermaintains a set of lists,
ready nodes, which contain the nodes that are ready to be executed
(assigned time-stamps). The assignment of time-stamps accounts
for dynamic delays due to bus contention/arbitration, in addition
to considering the times required for the computation, communi-
cation, and handshaking nodes. The weight (execution time) of a
computation node is derived from the initial co-simulation, while
the weights of handshaking and communication nodes depend on
the amount of data communicated, as well as the characteristics of
the communication channel(s) it is mapped to.

The data structurechannel, derived from a specification of the
communication architecture, contains information about each chan-
nel. Channels are numbered 1 throughMAXCHANNELSand details
of the channelbi are stored inchannel[i]. Readynodesis a set of
lists, one for each channel in the communication architecture. The
first list, ready nodes[0] is a special list containing nodes that rep-
resent ready computation events whileready nodes[i], (i > 0) con-
tains the set of nodes that represent ready communication events
mapped to channelbi . Nodes in each list are sorted bystart time
and priority is used as a secondary key. This ensures that if two
components simultaneously raise a request for a shared channel,
the one of greater priority is served first.

The algorithm proceeds by invokingget channelwhich exam-
ines the first node of every list and chooses to execute the one with
the earlieststart time, sayv. If v is a computationnode, i:e:, v
was dequeued fromready nodes[0], it is executed. The function
execute(v) involves removingv from the list of ready nodesand
marking itvisited. Housekeeping operations involve adjusting the
start timesof its successors, and inserting any enabled nodes into
an appropriateready nodeslist.

If v is acommunicationnode, the node is scaled byget weight
to incorporate the width and speed of the channelbi to which it is
mapped. On dequeuing the node from theith list in ready nodes,
its actual size in terms of bus cycles is calculated from the width
and speed of the channelbi , and the original weight of the node in
bytes.

Immediately after it is dequeued fromreadynodes[i], the
start time t1of a communicationnode v represents the time at
which it makes a request for access to the channelbi . If bi is a
shared bus, a check is made for the most recent node that accessed
bi . If it has a f inish timeof t2 (wheret2 > t1), the tool will delay
thestart timeof the requesting nodev to timet2.

A handshakenode is constructed to take into account the over-
head of the protocol. The size of this node is dictated by the value of
a constantlatencywhose value represents the intrinsic channel spe-
cific overhead preceding the actual communication. Thestart time
of thehandshakenode ist2, while the actual communication event
is assigned astart timeof t2+ latency. If bi is a dedicated link, the
check for concurrent access is not performed and thehandshake
node is not generated.

The size of thecommunicationnode, expressed in terms of bus
cycles, is compared against the maximum permissible DMA size
on 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
re-inserted into the sameready nodeslist.

CommAnalyzer
inputs: CAG G, Communication Arch Description
outputs: CAG G, Performance Statistics,
Critical Path
initial

mark all nodesvisited= false;
readArchitecture(channel[MAX CHANNELS]);
initialize(ready nodes[MAX CHANNELS];G);

begin
do

i := get channel(ready nodes);
v := deque(ready nodes[i]);
if v:type= COMP

execute(v);
modi f y successorstart times(v);
add enablednodes(v);

elsif v:type= COMM
get weight(v:weight;channel[i]);
if channel[i]:type= shared

if channel[i]:next f ree time> v:start time
v:start time:= channel[i]:next f ree time;

endif
create(w;HS);
w:start time= v:start time;
w:weight= channel[i]:latency;
insert(w;G);
execute(w);
v:start time= w: f inish time;

endif
if v:weight< channel[i]:DMA SIZE

execute(v);
channel[i]:next f ree time:= v: f inish time;
modi f ysuccessorstart times(v);
add enablednodes(v);

else
create(v0;COMM);
v:start time= v:start time;
v0:weight= channel[i]:DMA SIZE;
insert(v0;G);
execute(v0);
v0:start time= v0: f inish time;
v:weight= v:weight�channel[i]:DMA SIZE;
insert(v; ready nodes);

endif
endif

until no more ready nodes
generatestats();

end

Figure 9: TheCommAnalyzer algorithm.

Waiting for a free channel and resizing of nodes may change the
f inish timeof the currently executing nodev, and therefore the new
weightplus the newstart time is used to update the start-times of
its successors. This is done bymodi f y successorstart times. En-
abled successors (those successors all of whose predecessors have
been executed) are then put into the appropriate list inready nodes
by add enablednodes. This function also accumulates statistics
that help determine the critical path.

The output of the algorithm includes execution statistics and per-
formance and critical path information. The algorithm terminates
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when all the nodes of the CAG are visited exactly once.

4 Experimental Results
In this section, we report on the application of the proposed anal-
ysis technique to evaluate alternative communication architectures
of two example HW/SW systems.

Each example system is described as a set of communicat-
ing processes using Esterel and C in the POLIS [16] co-design
framework. Subsequent HW/SW co-simulation of the system us-
ing PTOLEMY [17] assumes an abstract event-based modeling of
communication. Traces are collected, converted into an equivalent
CAG, and input to our analysis tool, along with a description of
the communication architecture that is to be evaluated. In order to
confirm the accuracy and efficiency of our analysis technique, the
system performance is also measured by co-simulation of the entire
system, including components and explicit hardware models of the
communication architecture [18], using PTOLEMY.

The first set of experiments were conducted on SYS4.2, the four
component system shown in Figure 2(a) and described in Section 2.
Table 3 reports the results of performance analysis using both the
proposed CAG-based analysis method, and the traditional approach
of co-simulation on three alternative communication architectures,
Case 1 - Case 3 shown in Figures 2(b)-(d).

The results in Table 3 demonstrate:

� The proposed performance analysis technique is accurate —
the estimates obtained are within 3.5% of those obtained via
co-simulation.

� Exploring various communication architectures can lead to
significantly better design choices to improve the performance
of a system. The results indicate that in Case 1, conflicts
on the shared bus lead to poorer performance (about 26%)
than Case 3, where use of two buses exploits the synchroniza-
tion between the components to minimize conflicts on each
of shared buses. However even though Case 2 uses multiple
buses, the additional cost of communicating through a bridge
by for each memory request byC2 andC3 degrades perfor-
mance by 9%.

Our second example system, shown in Figure 10(a), is a three
component system that is part of a TCPIP network interface card.
It performs a checksum computation on packets arriving from the
network. Each packet is written to memory by CREATEPACKET,
which then signals IPCHK to overwrite a part of the header with
zeros (the part that should not be used in the checksum computa-
tion). Once IPCHK is done, it passes CHKSUM the old value of
the checksum and signals it to calculate the new value by process-
ing the bits stored in memory. If the two do not match an error is
raised.

Two alternative communication architectures are shown: Fig-
ure 10(b), using a shared bus (Case 1), and Figure 10(c), using three

Table 3: Comparison of alternative architectures of SYS4.2
SYS4.2 Communication

Architecture
CAG Analysis

Estimate
(cycles)

Co-simulation
Estimate
(cycles)

Error %

Config = Case 1,
Bus: width= 8, DMA = 50,

C1>C2>C3>C4, Latency=1
224031 231970 -3.42

Config = Case 2,
Bus1:width = 8, DMA = 50,

C1>C2, Latency= 1,
Bus2:width = 8, DMA = 50,

C3>C4, Latency= 1

244002 245696 -0.70

Config = Case 3,
Bus1:width = 8, DMA = 50,

C1>C3, Latency= 1,
Bus2:width = 8, DMA = 50,

C2>C4, Latency= 1

165987 169999 -2.36

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.

Table 4: Comparison of alternative architectures of TCPIP
TC P_IP Com munication

A rchitecture
C AG Analysis

Estimate
(cycles)

C o-simulation
Estimate
(cycles)

Error
%

Config = Case 1, Bus width= 32,
DMA_SIZE= inf.,

CREATE_PACKET>>IP_CHK>>
CHKSUM, Latency= 1

69013 69508 -0.71

Config = Case 2, bus1 = bus2 = bus3:
width = 32,DMA_SIZE= inf.,

CREATE_PACKET>>IP_CHK>>
CHKSUM,Latency= 1

35079 36075 -2.76

Config = Case 2, bus1 = bus2 = bus3:
width = 16,DMA_SIZE= inf.,

CREATE_PACKET>>IP_CHK>>
CHKSUM,Latency= 1

67645 66636 1.51

Again, it is clear that no loss of accuracy has been suffered. Ad-
ditionally, Table 4 shows a comparison of the performance of the
system under three situations. The shared bus of 32 bits provides
poorer performance (49.2%) than a multiple bus configuration of
3 buses that allow uninterrupted pipelined processing of incoming
packets. (While packeti is accessed by CHKSUM in MEM3 via
Bus 3, packeti +1 is accessed by IPCHK in MEM2 via Bus 2,
and packeti +2 is written to MEM1 via Bus 1). However when
the width of each of the three buses was reduced to 16, the perfor-
mance improvement dropped to only 2%, showing that the advan-
tage of splitting the bus and thereby decreasing conflicts is heavily
countered by the price of lower bandwidth on each bus.

Table 5 compares the efficiency of our technique versus com-
plete system co-simulation for 4 of the configurations studied. The
first column denotes the time taken by the first phase (co-simulation
which uses an abstract event-based model of communication). The
second column shows the time taken by our analysis tool to gen-
erate performance figures for a given CAG and communication ar-
chitecture. The third column denotes the time taken for the entire
system to be co-simulated, including behavioral HW models of the
communication architecture. Also note that system co-simulation
using the hardware models of the communication architecture (third
column of Table 5) takes significantly more time than co-simulation
performed with an abstract model of communication (second col-
umn of Table 5).

Measurements of elapsed time were made on a single user Sun
Ultra-II workstation running Solaris 2.6. In row 3 it is observed
that the speed up of using our analysis over conventional HW/SW
co-simulation is 245. In general, Table 5 reports a speed up of 2
orders of magnitude for each system investigated. Note that the
first column entries of rows 2 and 3 of Table 5 are zero because
only one initial co-simulation (that reported in row 1) was necessary
in order to explore all the alternative communication architectures.
Hence, evaluating several alternative communication architectures
using our analysis technique is accurate and fast, while it would be
prohibitively time-consuming using the system co-simulation ap-
proach (fourth column).

5 Conclusions
In this paper we have demonstrated that the selection of communi-
cation architectures — their topology and per channel characteris-
tics — can have a significant impact on the performance of a sys-
tem, motivating the need for fast and accurate exploration tools to
evaluate various design alternatives. We have described a trace-
based approach that we believe will be helpful in meeting this need
in the SOC design environment, and have presented experimen-
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 TCPIP

Table 5: Comparison of running time of CAG based analysis
against co-simulation

Case Study Co-simulation for
CAG Generation

(seconds)

CAG Based
Analysis
(seconds)

System
co-simulation

(seconds)

Speedup

SYS4.2in
Case1

configuration

220 8.2 1325 162

SYS4.2in
Case2

configuration

0 8.3 1895 228

SYS4.2in
Case 3

configuration

0 7.6 1863 245

TCP_IP in
Case 1

configuration

84 3.0 688 229

proposed analysis tool into a optimization framework that will au-
tomatically generate an optimal communication architecture for a
given system.
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