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Abstract—This paper presents a novel system-level performance  Achieving the disparate goals of reducing design turnaround
analysis technique to support the design of custom communi- time and thorough exploration of system-level tradeoffs requires
cation architectures for system-on-chip integrated circuits. OUr  afficient and accurate analysis tools to guide the designer in the
technique fills a gap in existing techniques for system-level per- . .. . .
formance analysis, which are either too slow to use in an iterative initial stages O_f_the_ system design process. After completmg L
communication architecture design framework (e.g., simulation abstract specification of the system’s behavior, two important
of the complete system) or are not accurate enough to drive the steps need to be performed in order to derive a system architec-
design of the communication architecture (e.g., techniques that ture. The first step consists of partitioning and mapping parts of
perform a “static” analysis of the system performance). Our ha gystem functionality into: 1) software that will execute on
technique is based on a hybrid trace-based performance-analysis . . .
methodology in which an initial cosimulation of the system is per- programmable processor(;), 2) ParFS that W,'” be |mplgmented
formed with the communication described in an abstract manner bY reusing (possibly adapting) existing function-specific cores;
(e.g., as events or abstract data transfers). An abstract set of tracesand 3) parts that will be compiled into hardware using hard-
are extracted from the initial cosimulation containing necessary ware synthesis tools. In addition, the various components se-
and sufficient information about the computations and commu- acteq or assembled in the above step will require to share data

nications of the system components. The system designer then d icate i der to impl t th ¢ functi
specifies a communication architecture by: 1) selecting a topology and communicate in oraer 1o Implément the system functon-

consisting of dedicated as well as shared communication channelsality. Therefore, the second step is to refine the communication
(shared buses) interconnected by bridges; 2) mapping the abstract requirements of the system into a communication architecture
communications to paths in the communication architecture; and - that best satisfies the communication needs of the components.

3) customizing the protocol used for each channel. The traces \ypjje poth of the above steps can significantly influence the
extracted in the initial step are represented as a communication

analysis graph (CAG) and an analysis of the CAG provides an quality of the resulting system architecture, m_thls paper, we
estimate of the system performance as well as various statisticsfOCUS on the latter. In particular, we address the issue of fast and
about the components and their communication. Experimental accurate system-level performance analysis to drive the design
results indicate that our performance-analysis technique achieves of the communication architecture.
accuracy comparable to complete system simulation (an average  pecent efforts such as those of the Virtual Socket Interface
error of 1.88%) while being over two orders of magnitude faster. - - . . -
Alliance (VSIA) are aimed at creating a design environment
Index Terms—Bus architectures, communication architectures, where a system designer can take advantage of experimenting
on-chip communication, performance analysis, simulation trace, \yith cores from multiple sources to choose the best combina-
system-on-chip. . - . . .
tion for the target application. In particular, standardized bus in-
terfaces for each “virtual component” [2] enables the design of
I. INTRODUCTION novel bus architectures for application specific system-on-chips.
HE EVOLUTION of the system-on-chip paradigm in eIecWIth a potentially Igrge pgmper of ghmce; in such a de5|gn_ en-
vifonment, we believe it is increasingly important to provide

tronic system design has the potential to offer the design Jesi ith aut ted ‘ luat d tomi
several benefits, including improvements in system cost, sigpdesigner with automated support fo evaluate and customize

performance, power dissipation, and design turnaround tirrlig.e on-chip commu.nlcatlon architecture (both in terms of its
The ability to realize this potential depends on how well the déqpology and associated protocols) to best suit the needs of the

signer exploits the configureability and customizability offereappl'cat'on‘

by th(-?- system-on-chip appr.oach. Unfortgnately, due to the ig- System-Level Performance Analysis

creasing scale and complexity of electronic systems, the process ,

of refining an abstract system specification into a system archi-R€séarchers have worked on developing fast and accurate
tecture that is optimized for the target application or domain #12lysis techniques for various metrics such as performance,

becoming an increasingly difficult task. power, system cost, etc. for guiding the partitioning/map-
ping step [3]-[8]. In these cases, techniques for automatic

partitioning either: 1) ignore intercomponent communication
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Fig. 1. System-on-chip components connected by a communication architecture.

separate problems for reasons of tractability [9], the merigmddedicateccommunication channels with some channels hi-
of integrating communication protocol selection with harderarchically connected Hyridges
ware—software (HW/SW) patrtitioning are clearly demonstrated Shared busesre very commonly used to facilitate com-
in [10]. Although our proposed technique currently does notunication between the various system components [2].
support concurrent HW/SW patrtitioning and communicatioBeing shared communication channels, they require arbitra-
architecture exploration, it could be extended to do so hipn (through abus arbite) in order to ensure that only one
augmenting it with suitable existing techniques for HW/SVWeomponent (called bBus mastérhas control of the bus at any
performance analysis. given time. Thus, a master that wishes to transfer data over
While there is a large body of work focusing on thdhe bus needs to firstandshakewith the arbiter in accordance
partitioning/mapping step, comparatively little research hagth a fixed bus protocal When multiple masters seek to use
addressed system-level performance analysis to help dedigm bus simultaneously, the arbiter decides (typically based
high-performance communication architectures. Existiman apriority schemgwhich one is granted the right to access
techniques that do consider the effects of the communicatithe bus. In order to facilitate efficient transmission of larger
architecture can be broadly divided into the following cateshunks/bursts of data, bus protocols may also provide a direct
gories. memory access (DMA) or block transfer mode, wherein a

1) Approaches based on simulation of the entire systdR@ster prenegotiates the right to use the bus for multiple bus
using models of the components and their communicgycles. In order to prevent any one master from monopolizing
tion at different levels of abstraction [9], [11]. The usdhe bus and introducing large waiting for other access requests,
of communication abstraction provides for a tradeoft Maximum DMA block sizis typically placed on the amount

between simulation time and accuracy. However, the§édata that can be transmitted as a single DMA block.
techniques still require a simulation of the complete Dedicated channelare point-to-point connections between

system, limiting their computational efficiency. components. Since such channels are not shared, the question of
2) Static system performance estimation techniques that gybitration does not arise and communication on such channels
clude models of the communication time between comp6&n Proceed as soon as both the sender and receiver are ready to
nents of the system [1], [10], [12]-[14]. These techniqué®mmunicate. _
often assume systems where the computations and comBridgesmay exist between a pair of shared buses. The com-
munications can be statically scheduled. Further, the coftnication of data across a bridge requires a two step arbitration
munication time estimates used in these systems are eitWe?ak_e place. When the master and slave deVIges are Io_cated on
overly optimistic, when they ignore dynamic effects suchvo different buses, the master needs to negotiate with its local
as waiting due to bus contention (e.g., [10] and [14]), gibiter for access to its local bus. After this, the bridge nego-

for bus contention (e.g., [12]). located) for access to the remote bus. Once these two grants are

obtained, the data transfer can occur at a rate governed by the
bus of lower bandwidth.

Each component that communicates with another must be

In this paper, we address performance analysis of systepfg/sically connected to one or more than one (shared or ded-
such as the hypothetical one shown in Fig. 1, where componeistted) channels in the communication architecture. Further-
constituting the system-on-chip are integrated via a medium tmabre, during execution, a component emits multipbenmu-
allows exchange of data and control signals. Td@mmunica- nication eventseach of which may vary in size from a single
tion architecturecould be as simple as a singlbared system bit synchronization signal to a large data transfer consisting
bus or arbitrarily complex, consisting of a network sfiared of multiple kilobytes. A single component may emit several

B. System-on-Chip Communication Architectures
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%%% communication architecture, as well as va_lriOl_Js useful statistics
Accuracy g B simulation based techniques about the co_mponents and thew c_ommumcatlon_. _
L] static Anatysis based techniques The techniques presented in this paper are quite general since
7] Proposed technique they enable us to study communication architectures that: 1)
> consist of an arbitrary interconnection of dedicated and shared
Efficiency communication channels and 2) have an arbitrary mapping of

abstract communications to paths in the communication archi-
Fig. 2. Accuracy and efficiency of the proposed system performance-analytgcture.
technique relative to simulation-based and static-analysis-based approaches. \pja helieve that our analysis technique will be useful in a com-
puter-aided system design environment because, as we shall see
distinct communication events during its execution as well @s Section |1, utilizing the flexibility offered by a general com-
multiple instances of the same event (e.g., a component ex@nication architecture template is critical in order to obtain a
cuting a communication event within the body of aloop). Theréigh-performance system implementation.
fore, a specification of the communication architecture must notThe basic idea of collecting an execution trace and using it for
only include a mapping of components to channels, but a mqgyerformance estimation has been used in the field of high-per-
fine-grained assignment of communication events to paths in ieemance processor design, e.g., for cache simulation [15], [16].

architecture. We believe that our approach is the first to use this idea in
o the context of application-specific system performance analysis.
C. Paper Contribution Also, a key difference in our context is that in order to obtain

In this paper, we present a fast and accurate system perfji-advantage over existing techniques (such as system simu-
mance-analysis technique for driving communication architel@tion and static performance analysis) it is critical to abstract
ture design. The relative accuracy and efficiency of our tecAut information that is only necessary and sufficient from the
nique with respect to simulation-based approaches and stétigial cosimulation. This helps us to maintain accuracy compa-
performance-analysis approaches is depicted in Fig. 2. Our tetahle to complete system simulation on the one hand, while also
nique fills a gap in existing techniques for system-level perfofchieving high efficiency by avoiding the problem of explosion
mance analysis, which are either too slow to use in an iteratiQktrace sizes. Since our analysis is trace-based, the results pro-
communication architecture design framework (e.g., simulati¢ffled by our tool are specific to the input stimuli used for the
of the Comp|ete System), or are not accurate enough to drmélaj cosimulation. As in the case of anysimulation-based anal-
the design of the communication architecture (e.g., techniquéss, this places additional responsibility on the system designer
that perform a “static” analysis of the system performancdp provide meaningful stimuli. However, given that cosimula-
Our technique is widely applicable since it supports a specificéon is the most popular system-level analysis technique in prac-
tion of a general communication architecture as described et#¢e, we feel that this additional burden on the designer is quite
lier. The designer is also allowed to specify a customized prégasonable.
tocol for each communication channel. An important feature of
our approach is its ability to model various dynamic effects of 1. MOTIVATION

the communication architecture (such as wait times due to buan this section. we motivate the need for analvsis techniques
contention/conflicts) and to consider the interdependencies be- ’ y q

tween the computations, synchronizations, and data comm l‘|'-Ch as the one presented in this paper. We present a set of ex-

cations performed by the various components while estimatiﬁ1 npgihvi\{zlcctzrii?i?:uagl?—;:?[teghg fﬁéegg%r;n%fn?cgggnn”:far#i&
the system performance.

Our technique is based on a hybrid trace-based perf&rpﬂlesofthe application can significantly improve system per-

. L . . rmance. The examples presented in this section (along with
mance-analysis methodology where an initial cosimulation 0 pies p , ; ( 9
others) are also used to conduct various experiments, whose

the system is performed with the communication described i its are presented in Section V. We model the problem of
an abstract manner (as events or abstract data transfers). Frr%TH . P o o '€ p
ecting a communication architecture as consisting of three

this initial cosimulation, an abstract set of traces are extractS - S
eps: 1) the task of defining a communicatimpology that

containing necessary and sufficient information about t i -
computations and communications of the system componerﬁ%ps'Sts of a network of dedicated channels and shared buses,

The system designer then specifies a communication arcﬂ?—SSibly connected by bridges; 2) the task of mapping the ab-

tecture by: 1) selecting a topology consisting of dedicated ggact communication eyents onto pa.th.s in the above topology;
well as shared communication channels interconnected nd 3) the task of selecting or customizing the protocol for each

bridges; 2) mapping the abstract communications to pat%sannel.Weflrst|Ilustratethesestepsandthelreﬁectson system

in the communication architecture; and 3) customizing ﬂpeerformance through examples.

protocol used for each channel. The performance-analysis step
involves extracting a communication analysis graph (CAG%{
from the initial cosimulation traces and subsequently operati
on the CAG using information in the specification of the Example 1:We start by analyzing the performance of a
communication architecture. The result of manipulating thegart of a TCP/IP network interface system [17] under dif-
CAG is an estimate of the system performance for the givéering communication architectures. The subsystem consists

Effect of Alternative Communication Architectures on
stem Performance
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Fig. 4. Alternative communication architectures for the TCP/IP network interface system. (a) Dedicated links architecture. (b) Shared busear(d)jite
Split-bus architecture.

of the part of the TCP/IP protocol related to the checksuthrough a common system bus. In this shared bus communica-
computation performed at a network interface card (Fig. 3)on architecture, an arbiter resolves conflicts resulting from si-
For incoming packets, the taskreatePackreceives a packet multaneous attempts to access the bus.
and stores it in a memory. When it finishes, it sends the We performed experiments to observe the performance of the
information about the starting address of the packet in memadrZP/IP system under various memory and communication ar-
and the number of bytes to tiRacketQueue From this queue, chitectures using POLIS [18] as a HW/SW codesign tool and
IP_Chkretrieves a new packet, overwrites parts of the headeTOLEMY [19] for system-level simulation. We used a behav-
(which should not be used in the checksum computatioimral bus arbiter model [17] to take into account the effect of the
with zeros, and signals to thehksumtask that a new packet shared bus communication architecture on system performance.
can be checked for checksum consister@yksumperforms Our experimental results show that the processing time per
the core of the computation, accessing the packet in memaacket of each component for the shared bus architecture of
and accumulating the checksum for the packet body. WherFig. 4(b)is up to40% higher than that for the dedicated link
is done, it sends the computed 16-bit checksum back to ttese of Fig. 4(a). The degradation is because the shared bus
IP_Chk task, which then compares the computed checksuntroduces waiting time whenever two components simultane-
with the incoming transmitted checksum and flags an erroradisly request access to memory, whereas in a dedicated link ar-
they do not match. The flow for outgoing packets is similar, buhitecture, the components are permitted to concurrently access
in the reverse direction, and there is no need for comparisoremory.
of the final checksum. Fig. 4(a)—(c) shows one partitioning The next communication architecture considered is one based
and mapping, where the taskseate Packand PacketQueue on a split bus. Fig. 4(c) shows this alternative implementation of
are software tasks and are mapped to a MIPS R3000 ptiee TCP/IP subsystem, where the shared 128-bit bus is split into
cessor, while the remaining task$P-Chk and Chksum—are three 32-bit busses, each connected to a separate memory com-
mapped to dedicated hardware. Fig. 4(a) shows a candidatment. In this new configuration, packeis stored inMeml
communication architecture where the system componeatsd can be processed by the tasks uBing., while packet+ 1
access a shared multiport memory through dedicated linksin be stored iMen? and be processed by the tasks uSng?,
This communication architecture allows the packets arrivingithout generating any bus conflicts. However, in the split-bus
serially into the system to be processed in a pipelined fashimnplementation, each bus now has reduced bandwidth, leading
by the tasks. Whil&€hksums processing packet IP_Chkcan to a possible degradation in performance compared to a shared
process packet+ 1 andCreate Packcan be working on packet bus implementation. This leads to a tradeoff between the higher
1 + 2, all at the same time. At any given time, the various tasksndwidth of a shared bus and the lower frequency of conflicts
in the system access different parts of the memory because split-bus configuration.
each is operating on a different packet. Hence, the concurrentWe conducted experiments to evaluate the three-way 32-bit
tasks can operate without any conflict, resulting in superigplit-bus architecture versus the 128-bit shared bus architecture
performance. for packets of varying size. The results show potentially signif-
An alternative architecture is shown in Fig. 4(b). Here, thieant performance improvements under the split-bus communi-
components of the system access a shared single-port mentatyon architecture under certain situations. For example, a 44%
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Fig. 5. Alternative communication architectures for an example system. (a) MEM4: abstract communication. (b) MEM4: single shared bus. (c) NMgel4: mul
buses. (d) MEM4: multiple buses, different mapping.

reduction in execution cycles per packet is obtained when tbleanged: components;, C3, andMemorl now share a bus
size of the input packets is 16 B. However, the results also shahile the remaining components share the second bus.

that a split-bus communication architecture does not always giveThere are several factors that need to be considered when de-
superior performance. For instance, when the size of the inpetmining which communication architecture among those of
packets is 512 B, the shared bus architecture has about a Z8go 5(b)—(d) will result in the best overall system performance.
better performance than the split-bus implementation, owing These include the following.

the reduced bandwidth in the split-bus case. u 1) An architecture with multiple communication channels
Example 2: Consider the system described in Fig. 5(a),  may allow for greater parallelism because each of the
which consists of a set of four components that synchronize  communication channels can operate in parallel. As in the
with each other and access data in two shared memories. The case of any other shared system resource, a shared bus
figure provides a “behavioral” view of the communication, limits the parallel communication between the different
using a separate arc for each synchronizati¢represented components that use it. However, as shown below, this
by dotted arcs) and data transfer (represented by solid arcs). does not necessarily imply that a shared bus will lead to
Fig. 5(b)—(d) shows three alternative topologies for the system  poorer performance.
communication architecture. In Fig. 5(b), a single shared bus is2) Communicating with a component across multiple buses
used to implement all data transfers, whereas in Fig. 5(c) and  (through a bridge) can result in some additional over-
(d), two buses (connected by a bridge) are used. heads when compared to communicating with a compo-
In addition to the structure or topology of the communication nent connected to the same bus. For example, in Fig. 5(c),
architecture, the mapping of abstract communication to the  when componen€’; needs to accesslemony, it first
architecture is also different for the three architectures. In. makes a request tArbiterl for accessingusl. When
Fig. 5(b), all data transfers to and from the shared memories it receives a grant to usBusl (after some handshaking
are mapped to the only bus, while the intercomponent syn-  time and a possible wait time due to contentionBoisL),
chronization is implemented using dedicated communication  the bridge is activated and, in turn, makes a request to
channels. In Fig. 5(c), the data transfers between components  Arbiter2. OnceArbiter2 grants its request, data transfer
Cy and C>, andMemony, are mapped t@usl, while those takes place at a rate determined by the minimum of the
between componentS; and C,, andMemory2, are mapped bandwidth oBusl and the bandwidth &us2. Thus, mul-
to Bug2. In addition, a component can also use the bridge to tiple levels of handshaking and wait times due to con-
communicate with components not attached directly to the  tention may be involved in addition to a potentially slower

same bus. For example, the data transfers betwgear Cs data transfer rate.
andMemory (similarly, the data transfers betwe€p andC 3) The communication profiles of the system greatly influ-
andMemoryl) will require to be performed through the bridge. ence the choice of communication architecture in several

In Fig. 5(d), the mapping of communication events to busesis  ways. For example, the concurrency (or lack of it) in the
o o communication requirements of the various components
1Synchronization refers to communication without a transfer of data values il det . hich ¢ d didat
[1]. It can be used to impose a desired structure on the control flow of commu- ~ WIII GElErmMIine which components are good candidates
nicating parallel processes. to share the same communication channel. Components
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with communication requirements that are largely exclu 4290 \“
sive in time are better candidates to share a bus since t& . o1

likelihood of bus conflicts is lower. 5150 e - . .2
While each of the above factors in itself has a significant in§1 00

fluence on the design of the communication architecture, it i /
important to note that the factors also interact leading to va 50
ious tradeoffs. For example, consideration of the potential pa ~—
allelism when using multiple buses suggests that the archite © T T T T .
tures of Fig. 5(c) and (d) are superior to the architecture ¢ 0 20 40 60 80 100 120
Fig. 5(b). In order to verify whether the above hypothesis holds, dma size
we used our tool to perform an analysis of the system perfqgrié_ 8. Effect of DMA size on performance.
mance for a long execution trace. The performance of the archi-

tectures of Fig. 5(b)—(d) were 224 031 cycles, 244 002 cycles,

and 165987 cycles, respectively. Thus, the single bus architdf1en the second packet can be processedrbpte Packwhile
ture of Fig. 5(b) is actually 9%aster tharthe two bus architec- Chksunprocesses the first, without any conflict. This execution

ture of Fig. 5(c), contrary to the hypothesis. Upon careful ana{rgce can be generated by using a dedicated link architecture like

ysis, we were able to explain the result as follows. Componerllzty' 4(a). Cases 2 and 3 are possible execution traces under a

€, andC, accessviemony more frequently, while, andC, shared bus architecture, the difference being in the way the pri-
perform frequent accessesNBmMony. Unde’r the communica- orities have been assigned. Assuming static priority-based arbi-

tion architecture of Fig. 5(c);’s would have to go through the fration, for Case ZreatePackis assigned the highest priority
bridge in order to read or write data Memon (a similar ar- among the competing tasks while in Case 3, it has the lowest.

gument holds for componefi; andMemonyt). The incumbent _Fig. 6 shows that the times at which processing of each packet

overhead (due to the two levels of handshaking necessary) dﬁlgo_mpleted by the different tasks depends not only on the bus_
weighs the improvements due to parallelism. architecture used (dedicated versus shared), but also the task pri-

The communication architecture of Fig. 5(d) avoids thid'ties used. u

problem. In addition, the communication profile of the system EX@mple 4: Consider a simple system shown in Fig. 7 con-
is such that communications of componerits and Cs are sisting of two component€’l and C2 that read and write to

often concurrent, while those of componerts and C. a global memory through a shared bus. In addition, the com-

are also concurrent (this is due to the control-flow structuRPNENts synchronize with each other in order to ensure correct

imposed by the intercomponent synchronization). As a resdiyStem operation. Each component makes requests to the ar-

the communication architecture of Fig. 5(d) also results hiter, which grants access to the shared bus. The system sup-

fewer bus conflicts for each bus compared to the architect#g'S DMA mode transfers across the shared bus.
of Fig. 5(c). = We performed several experiments to investigate the effect

of the variation of DMA block size on the performance of the
. system. Here, we present a test case, where the compGiient

B. Effect of Customizing Bus Protocols on System Performar}ﬁgrforms computations of average size ten cycles and memory

Our next experiments show that even after the communicatisansfers of average size ten bus words, whikperforms com-
topology has been selected, customizing the protocols and pHtations of average size ten cycles, but memory transfers of
rameters of each channel can greatly influence the performafverage size 100 bus words. Fig. 8 shows the effect of varying
of the system. DMA sizes (z axis) on system performancegdxis). We observe

Example 3: Consider the execution traces of two packets Bjie following.
the TCP/IP task€reate Pack IP_Chk andChksumunder three 1) The choice of bus parameters like DMA size can signif-
different cases, as shown in Fig. 6. Case 1 reflects the case icantly affect system performance. For example, Fig. 8
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shows that the performance range fGg for varying . i d ication ti £ vari s
DMA sizes is 117-250 clock cycles. nization, and communication times of various components in

2) The optimal values of bus parameters like DMA block system arénterdependentThus, a separate analysis of the
size depend heavily on the characteristics of the traffFéjmmunication time alone will not necessarily reflect the total
gystem performance accurately. ]

seen on the bus. While increasing the DMA block siz he ab . tqati d trate th iticality of
generally improves the performance (decreases executl'o ne above Investigations demonstrate the criticaily of se-
ecting the optimal communication architectures and bus pro-

time) of C2, it has a negative effect afi1l, whose com-

putation and bus access profile is different from that épcols, and thereby the need for fast and accurate performance-

2 - analysis techniques that can evaluate the numerous choices. The
' last example demonstrates that merely considering the direct ef-

) : . fects of the communication architecture without considering the
Example 5: Consider again the two component system .. e

S indirect effects on the timing of the system could lead to erro-
shown in Fig. 7. Recall that componertd andC?2 access a

. . neous performance estimates. As mentioned in Section I, static
global memory though a shared bus and synchronize with e P

o . %ﬁ lysis techniques used for estimating the communication time
other. The ”f”‘ces shown in Fig. 9 represent thg operatlop of tm%revious research are not accurate enough to drive the design
system of Fig. 7 under three different scenarios. The first

o Sc‘JefIsuch communication architectures, while a complete HW/SW
e e e s o EEITUALEN O e Sysemis 0 e consumin o perfor -
. %r%tlvely in a design exploration framework.
between the components and the memory are modeled in an
abstract manner (as events). Thus, the first set of waveforms do
not account for effects of the bus architecture. The arcs between
the waveforms indicate the synchronization dependenciedn this section, we describe the proposed hybrid two-phase
between the components. The second set of waveforms (Casgthodology for fast and accurate system performance anal-
2) was derived from a simulation of the system with a model gkis that includes effects of the communication architecture. The
the shared bus and bus arbiter, whétzwas assigned higher complete methodology is shown in Fig. 10.
priority for bus access. Due to bus access conflicts, componenThe first phase of this methodology constitutes a pre-
C1 has to wait for accessing the bus whéf2 (the higher processing step in which system simulation of the HW/SW
priority component) also requests bus access. Thus,wait components is carried out, without considering the commu-
times are introduced in the waveform for componéfitfrom nication architecture. Here, communication is modeled at an
time unit 0 to 4, 9to 13, and so on. An indirect effect of the busbstract level by the exchange of events or tokens. The time
wait times of componen€'1 is to introducesynchronization taken to generate and consume a communication event depends
wait times for componen€2 from time unit 5 to 9, 14 to 18, only on the size of the data transfer associated with it and not on
etc. Finally, the third set of waveforms (Case 3) was deriveélle number of concurrent communications. Hence, the output
by assigningC1 higher priority for bus access. Since the busef this step is diming inaccuratesystem execution trace.
parameters have changed, the bus wait times are now differenthe second phase (enclosed within the dotted box in Fig. 10)
(time unit 0 to 1 for componen’2). However, in addition, performs system performance analysis including the effects of
note that the intercomponent synchronization wait time hé#se selected communication architecture. To do this, from the
also been eliminated. trace obtained in the first phase, we construct a CAG, which cap-
This example illustrates the importance of considering inditires the computations, communications, and the synchroniza-
rect effects of the bus architecture on the timing of the variotisns seen during simulation of the entire system. In addition, the
system components. It shows that the computation, synchdesigner specifies the communication architecture to implement

Ill. PERFORMANCEANALYSIS METHODOLOGY
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the various communications. Based on this architecture, the t¢ # Cemponentl

suitably manipulates the CAG and generatéiséng-accurate hmﬂﬂl‘:}ﬁﬂ .D

trace of the system performance under the given communicati- s k= -

architecture. The output of our tool includes: & Component2 il et i
1) an augmented version of the CAG, which has incorpc | " AL ———

rated various latencies introduced as a result of movir 2 101 131

from an abstract communication model to a refined one;
2) an estimate of the performance of the entire system; Fig- 11. Traces generated by HW/SW cosimulation.
3) the system critical path (or paths) as a sequence of com-

putations and communications; “omponent |
4) numerous execu.tlon statistics regarq!ng bus usage, c( q"?— T T, _wrﬁﬁ'\
flicts, the proportion of the system critical path occupie(  Sisri : i=0 Biart :1=50 ) Slartsi=i5 1+ *
by each component, etc. i 1 ~Loht = 09, ‘elgh ;
Using this two-phase methodology, the time consuming pri
processing step need not be performed iteratively. Alternati _F"T*;}\ —=
communication architectures can be evaluated within the secc | Stmel ¢ L= b ety
phase of the methodology. Being fast and accurate (for reasc l"‘“h“!"l'!".' i cigghl :
discussed later in this section), the analysis tool can provid omponent2
the designerV\_/ith feedpack regarding system performapce un @Eﬁ‘n\ L hf_l:f:'f |
many alternative architectures within a short span of time. righ ap"' L ety Py

.. . . . i
As indicated in Fig. 10, the second phase consists of three —
steps: 1) abstracting information from the simulation traGgg 1 cAG generated from traces in Fig. 11.
and constructing the CAG; 2) specifying the communication
architecture; and 3) analyzing the system performance under o ) _
the given communication architecture. In Section Ill-A an§0mmunication events into abstract computation and commu-

Section I1I-B, we discuss each of these steps in turn and presBi¢@ition clusters. This involves identifying the start and end
details of the analysis method in Section IV. points (time-stamps) of a stream of data transfers from a com-

ponent (multiple instances of the same communication event),
and replacing all the constituent events by a single communi-
A. Extracting Information from HW/SW Cosimulation cation vertex. The vertex is assignedarent id which is de-
. ) . ) . ) rived from the event identifier of the constituent communica-
Simulation traces obtained via HW/SW cosimulation cafion events. The same approach is used for contiguous compu-
be very complex and detailed, containing a large numbggisn events, whereby multiple computations in the execution
of computations and communications. A system compongpce are replaced by a single computation vertex. For example,
emits acommunication eveneach time it executes a datgy, the traces shown in Fig. 1Gomponerit andComponera
transfer or synchronization signal in its mapped specificatiogach execute computations, communication with memory (via
Correspondingly, it emitxcomputation eventshat indicate 414 transfers), and communication between each other (via syn-
the various operations t_hat the system component perforer_ﬁonizing events). However, we do not extract the exact values
throughout the course of its execution. Since the system speGifiinmunicated or details of each and every computation, but
cation typically contains loops, the execution trace will contaigynstryct abstract vertices as described above. Next, these ver-
multiple instances of any computation or communication evef.as are collected into a CAG. Fig. 12 shows a simple CAG
The total number of events in the trace, therefore, directlls; represents the traces of Fig. 11. The graph has two kinds
depends on the length of the simulation and the complexity 6‘(vertices—eomputatiorandcommunication—and a set of di-
each system component. rected edges representing timing dependencies. Dependencies
Using detailed traces for our analysis is undesirable becaugguld arise due to the sequential nature of each component (con-
1) extensive traces are required to capture all the representagiggflow dependencies) or intercomponent synchronization and
execution paths of a system and 2) system components car§@&munication.
very complex, e.g., a CPU executing several processes. To avoi¢he CAG is acyclic because it is constructed from simulation
the high complexity of analyzing a potentially large number gfaces where all dependencies have bemlled in time It is
simulation events, in our approach, we extract from the tracgsmpact compared to the simulation traces because each vertex

only information that is necessary and sufficient to perform ag; the CAG represents a large number of simulation events.
curate system performance analysis incorporating the effects of

the cpmmunlcgtlop architecture. . o B. Definition of the Communication Architecture

This extraction involves selective omission of unnecessary
details regarding the computations and communications of thelhe analysis technique supports communication architec-
system components (e.g., the values of internal variables, tHEes with the following characteristics:
values of the data communicated, etc.). Further, the extractionl) on-chip communication using channels, where each
process groups contiguous bursts of computation events and channel may either be a dedicated link or a shared bus;
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TABLE I
MAPPING OFCOMPONENTS ANDEVENTS TO CHANNELS
COMPONENT ASSOCIATED
CHANNELS AND
EVENT MAPPING
cy b,: shared, priority=10;
bs: dedicated
event e; =*b;
event e; = bs
¢ ¢ Cy b;: shared, priority=5;
3 ¢ b;: dedicated
by: dedicated
Fig. 13. Communication architecture involving shared buses and dedicated event e; > b,
links. event e; =? b,
TABLE | .
DESCRIPTION OFCOMMUNICATION CHANNELS C. Implementation
CHANNEL PARAMETERS In our implementation of the design flow described in Fig. 10,
b, width = 32 partitioning, processor selection, and HW/SW cosimulation is
speed = 66 performed using the POLIS [18] and PTOLEMY [19] HW/SW
;i”t’a'm_e;) 256 codesign environment. A set of observation ports are created in
b, M‘fijfhci _8 the PTOLEMY system-level netlist to trace execution of spe-
speed = 100 cific events. During cosimulation, time-stamped events seen at
dma-size = 128 these ports are gathered as an abstract simulation trace. This
latency = 5 trace is then translated into a description that is independent of
PTOLEMY specifics, yet is readable by our analysis tool. This
will facilitate porting our analysis tool to other HW/SW code-
2) parameterized characterization of each channel; sign environments.

The initial CAG is constructed by making a single pass of

3) arbitrary mapping of events to channels. . . -
We next briefly describe the characteristics that constitufa® Simulation trace. Other inputs (Tables | and I1) are used to

a candidate communication architecture. Consider the syst8Hide the execution of the analysis tool on the extracted CAG.
shown in Fig. 13 consisting of six components. . . , ¢ and a The tool suitably manipulates the CAG and generates a report

possible architecture consisting of two shared bigend by of the system performance under the chosen communication
and three dedicated linKs, b4, b;. The communication archi- architecture. The output includes an augmented version of the
? Vo

tecture needs to be specified in terms of a parameterized cHeRG, which has incorporated various latencies arising out of the
acterization of each channel, as well as a mapping of commusRecification of a detailed communication architecture. Other
cation events to channels. than this, the tool calculates the performance of the system, the

Table | shows a set of parameters for each channel. For system critical path, statistic's regarding 'clonflicts seen on each
ample, for channel,, width = 32 (in bits), speed= 66 MHz, shared bus, and the proportion of the critical path occupied by
DMA transfer size= 256 (in channel words) antitency= 10  €ach component.

(in clock cycles) latencyrepresents the intrinsic overhead of
setting up a communication ové&y). In Table Il, the set of chan- D
nels directly connected to each component is enumerated. Forhe efficiency of our performance analysis tool is derived
instanceg; is connected to channels andb;. Additionally, a from the fact that we abstract out the details of the computa-
channel such ds;, which is dedicated to unidirectional commu+tions and communications between the system components and
nication frome; to ¢4, is marked in Table Il as dedicated link cluster them into vertices while constructing the CAG. For ex-
Since more than one component in Fig. 13 may simultaneousiymple, in the case of a computation vertex, we only care about
try to useb; for communicationp; is indicated to be ahared the difference between its start and finish times. In the case of
bus In case of a shared bus, a static priority (used to resolve lusommunication vertex, we only care about the amount of data
contention) is defined for the component. For example, the ptiansferred. As aresult, a CAG that represents millions of cycles
ority of ¢; onb; is defined to be ten. Table Il also defines a mapf execution of an entire system might contain only hundreds
ping from communication events to channels. Compongig of vertices and edges. This abstraction is especially necessary
associated with more than one channel; therefore, each comisinee the CAG is constructed from the dynamic traces resulting
nication event (identified by by a unique integg) that is gen- from cosimulation, i.e., it represents the execution of the system
erated bye; must be mapped to one of the available channelsnrolled in time Overall, the computational complexity of our
For example, the designer may choose to map a synchronizpegformance-analysis techniqudiigear in the size of the CAG
evente; emitted bye; to the dedicated chann&] and a data and, hence, is much faster than complete system cosimulation.
transfere, to the bug; . In fact, any arbitrary mapping of eventsThe efficiency of our performance-analysis technique is further
to channels is possible. borne out by the experimental results presented in Section V.

. Accuracy and Efficiency Issues
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The accuracy of our performance analysis technique is due to
two factors.

1) Since we are using a dynamic execution trace derived .
from cosimulation, the control flow within each compo- :
nent is fully determined (e.g., we do not need to worry h y
about predicting how many times each loop is executed,
how each branch is taken, etc.).

2) Since we are notisolating the bus accesses from the rest of
the system (computation vertices, synchronizations), it is
possible to account for the direct effects as well as indirect
effects of the communication architecture, the importance
of which was demonstrated in Section II.

It bears mentioning at this point that we assume that the ac- @
tual operations performed in the computation vertex and the data
transferred in the memory access vertices are not dependent on
the bus effects. Put in a different way, the communication archi-
tecture can affect the timing of the various computations and
communications in the system, but not the functionality. We
believe that this assumption is quite general and is similar to
assumptions made in several typical system design methodolo-
gies/tools [3], [18].

Compl

Type: Comm
Ev.#6,Wt=64
S.T. =230

\/

Type: Comm
Ev.#6,Wt=264
»85.T.=235

IV. ALGORITHMS

In this section, we describe the various algorithms that are
executed by the performance-analysis tool. First, we address
performance analysis assuming the communication architec- b)
ture consists of a single system-wide shared bus, like that of _ _
Fig. 4(b). Therefore, all communication vertices (mcludlng]'i%-a |l?: AGETﬁftPfrggﬁrgfzgg&;g‘éscﬂgt'oco' handshaking. (a) Portion of
synchronizations and data transfers) in the initial CAG are
mapped to the shared bus. We then show how this algorithm can
be easily extended to support a general topology of shared busee 235 of the communication vertex is recalculated based on

and dedicated channels with arbitrary mapping of componetitis weight. Fig. 14(b) shows the CAG after this transformation.

and emitted communication events to channels. Last, we shovrig. 15(a) shows a communication vertex, also mapped to a
how we can also take into account the effect of bridges in te@ared bus, that exceeds the maximum permissible DMA/burst
communication architecture that allow communication pathgnsfer size for the shared bus. Fig. 15(b) shows the effect of

between two components to span multiple channels. taking this into account during performance analysis, where ad-
ditional vertices of weight 128 and 117 have been created to
A. Analysis of a Single Shared Bus restrict the size of each bus access to the maximum DMA size

First, we describe through examples the effect of the exe&f:lZSH?ﬂgssﬁi;gnmg onehbus g\/ord per nge)d Also, appro-
tion of our algorithm on portions of an extracted CAG, assumilﬁ{'ate ertices have been introduced.

every communication vertex in the CAG is mapped to a single Fig. 16 shows a portion of the CAG involving execution se-
shared bus. quences of two components. Verticesand v, are communi-

Fig. 14(a) shows a portion of a CAG containing a singléation vertices that belong to two different components and are

communication vertex representing an instance of communi@gfivated at the same time. Since the bus is shared, this repre-
tion event® emitted byComplL. The bold arrows indicate con-Sents a bus conflict and one of the components must be made
trol flow arising out of sequential execution of computationt Wait. The result of the transformation is shown in Fig. 16(b).
and communications i€ompL, while the rest indicate control The analysis tool examines the two contesting components and
dependencies arising out of intercomponent synchronizatioflfants” bus access to the one of higher priority, €y, by
Since communicatioevent® is mapped to a shared bus, wé&xamining the specification of the bus protocol. Consequently,
need to take into account the intrinsic overhead of the bus pfe@M2 must wait and the start times on its subsequent vertices
tocol (apart from dynamic effects like bus contention) that is ir2"® modified to reflect this delay. Also, an additional depen-
troduced while this instance of communication is executed. #&ncy (shown by a dotted arrow) is introduced to represent the
do this, a new vertex of typd ANDSHAKE(HS) is introduced Mutually exclusive nature of access to the shared bus.

inthe CAG. The start time of the new vertex is 230, same as thafThe algorithm executed by the analysis tool (assuming a
of the original communication vertex. The weight of five cyclesingle shared bus) is shown in Fig. 17. It traverses the entire
is derived from the bus protocol specification and the actual st&/AG, modifies it to account for the effects of the shared bus,



778 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 20, NO. 6, JUNE 2001

Compl

Compl Comp2

Type: Comm
Ev.# 6,Wt =245
S.T. =513

Type:Comm
Ev.# 6, Wt=128

Type: Comm
Ev.# 2, Wt=76

S.T.=10 S.T.=10

\/ v

@ @

Compl

Compl Comp2

(b) (b)

Fig. 15. Effect of bus protocol—DMA size. (a) Portion of initial CAG. (b) Fig. 16. Effect of bus protocol—conflicts and priorities. (a) Portion of initial
Portion of transformed CAG. CAG. (b) Portion of transformed CAG.

and assigns start times to each vertex in the graph that reflegtion vertex in the initial CAG is calculated from the size of the
its actual execution time. data transfer (in bytes) and an assumed fixed data transfer rate,
First, the algorithm reads the details of the bus protocol inthe algorithm scales the weight in proportion to the width and
a structure callebus Readylist is a set of vertices all of whose speed of the channel.
predecessors have been executed. It contains a subset of tfighestart timet; of the dequeued vertexrepresents the time
vertices in the CAG and is sorted on the basis of start time aatlwhich it makes the request for access to the bus. A check
priority. It is initialized to contain those vertices in the CAGs made for the most recent vertex that accessed the bus. If it
that have no predecessors. The algorithm proceeds by invokirgs afinish_time of ¢» (wheretz > ¢1), the tool will delay the
dequeuewhich removes the vertex at the toprefdylist. If v  start.time of the requesting vertex to timet,.
is acomputationvertex, it is executed. The functieaecute(v) A handshakevertex is constructed to take into account the
involves removingu from readylist and marking itvisited overhead of the protocol. If the size of the dequeued veriex
Housekeeping operations involve adjusting #tarttimesof larger than the DMA size, a new vertek of size equal to the
its successorgrfodify.successastart timeg and inserting any DMA size is created, inserted into the graph, and executed. The
enabled vertices into thready list (add.enabledvertices. start time andweightof the original vertex; are modified and
If v is acommunicatiorvertex, its actual size in terms of busreinserted into theeady list. Waiting for the bus and resizing of
cycles is calculated from the width and speed of the bus and trextices may change tHamish_time of the currently executing
original weight of the vertex. While the weight of a communi-vertexv. Therefore, its nevstart.time plus its new weight is
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inputs: CAG G, Bus Protocol Description
outputs: CAG G, Performance Statistics, Critical Path
initial
mark all vertices visited = false;
read_Protocol (bus);
initialize(ready list, G);
begin
do
v = deque(ready list);
if v.type = COMP
erecute(v);
modi fy_successor_start_times(v);
add_enabled_vertices(v);
elsif v.type = COMM
v.weight = get_weight(bus.width, bus.freq);
if bus.next_free_time > v.start_time
v.start_time = bus.next_free_time;
endif
create(w, HS);
w.start time = v.start_time;
w.weight = bus.protocol_overhead,
insert(w, G);
execute(w);
v.start_time = w. finish_time;
if v.weight < bus. DMA_SIZE
execute(v);
bus.next_free_time = v.finish_time;
modi fy_successor_start_times(v);
add_enabled_vertices(v);
else
create(v', COMM);
v'.start_time = v.start_time;
v'.weight = bus. DM A SIZE;
insert(v', G);
execute(v');
v.start_time = v'. finish_time;
v.weight = v.weight — channel[i]. DM A_SIZE;
insert(v, ready_list);
endif
endif
until no more ready vertices
generate_stats();
end

Fig. 17. BusAnalyzer algorithm.

inputs: CAG G, Communication Arch Description
outputs: CAG G, Performance Statistics, Critical Path
initial
mark all vertices visited = false;
read Architecture(channel[MAX_CHANNELS));
initialize(ready list[MAX_CHANNELS], G);
begin
do
i := get_channel(ready list);
v := deque(ready list[t]);
if v.type = COMP
execute(v);
modi fy_successor_start_times(v);
add_enabled_vertices(v);
elsif v.type = COMM
get_weight(v.weight, channelli]);
if channel[i].type = shared
execute_bus_protocol (channel[i]);
if channel[i}.type = dedicated
ezecute_(v);
modi fy_successor_start_times(v);
add_enabled_vertices(v);
endif
endif
until no more ready vertices
generate_stats();
end

Fig. 18. CommAnalyzer algorithm.

chitecture. The first listeady_list[0] is a special list containing
ready computation vertices whiteady_list[¢], (¢ > 0) contains

the set of vertices that represent ready communications mapped
to channeb;.

The algorithm proceeds by invokirget channe] which ex-
amines the first vertex of every list and chooses to execute the
one with the earliesstarttime say,v. If v is acomputation
vertex, it is executed (as before). If it is a communication vertex
dequeued fromeady_list[i], itis first appropriately scaled using
information about channé] derived from thehannedatabase.
Further, if channed; is a shared channel, the associated bus pro-
tocol is imposed on it to account for protocol overhead, priori-
ties, and DMA size. If channéi; is not a shared channel,is
executed just like a computation vertex.

used to update thstarttimesof its successors. This is doneC. Extension to Include Effect of Bridges

by modify successastarttimes Enabled successors are then ¢ s hossiple that two buses in the communication architec-
added tdeady_llst_b)_/ add_enabledvertlce_s This fungtlon also  yre are connected by a bridge to allow communication between
accumulates statistics thgt he.Ip determine th(_a cr|t|cql path. components connected to different buses. We next show how
The output of the algorithm includes execution statistics, PJy, performance-analysis technique takes into account possible
formance, and critical path information. The algorithm termi asence of such structures in the communication architecture.
nates when all the vertices of the CAG are visited exactly once.Fig_ 19(a) shows a portion of the initial CAG, where a com-
munication vertex of size 128 (an intercomponent data transfer
from C2 to C'5) has been mapped to the pathb,, (a pair of
To allow this extension, we need to enhance the algorithibuses) connected by a bridge shown in Fig. 13. The mapping is
of Fig. 17 to the one shown in Fig. 18. The databelsanne] described as part of the specification of the communication ar-
derived from a specification of the communication architechitecture as in Table Il. In this cassyentf81 is mapped to the
ture, contains information about each channel in the architexathb;-b,, instead of a single bus.
ture. Channels are numbered 1 throdi CHANNELS and de- In such a situation, the data transfer occurs over three stages.
tails of the channél; are stored irhannel[i]. Readylistis now First,C2 secure$, by negotiating with its local arbiter. Second,
a set of lists, one for each channel in the communication dhe bridge negotiates with the arbiterigfto secure bué,, and

B. Extension to Arbitrary Communication Topologies
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exploring the design space of communication architectures for

: | Mapped to a path i various example systems.
: L_i_“_V"'Vi“‘g_Pj‘;”‘}'_P}‘_S?,-' We used four example systems in these experiments—the
PR TCP/IP network interface card subsystem of Fig. 4, two systems
@ vy oo that are similar to the two component system of Fig. 7, and the
Type:Comm four component system shown in Fig. 5. For each system, we

Ev.# 31, Wt=128 performed two experiments. In the first experiment, we used
a complete system cosimulation in the POLIS/PTOLEMY

framework using behavioral models of the communication

H architecture [17]. All system components were specified using
@ Esterel and C while graphical schematic capture was performed
in PTOLEMY. In the second experiment, we used the proposed
performance-analysis technique to estimate the total system

performance. This was done by collecting traces from an initial

C, yommmmm 5 cosimulation (with no explicit modeling of the communication
: 'Mapped to busl i architecture), converting them into an equivalent CAG, and
L ; executing our analysis tool, providing it with a description of
@ Rt e - the communication architecture to be to be evaluated.
nea 1 !

S ' Mapped to bus2 i To confirm the accuracy and. efﬁc_iency of our technique, the
Va 2 L j system performance and running time measurements obtained
2 in the second experiment are compared against those measured
in the first, namely, complete cosimulation of the system.

A. Experiments with Shared Bus Protocols

In the first set of experiments, we examine the effectiveness
of our analysis tool on two example systems where all commu-
nication occurs across a single system bus and we show how it
can be used to investigate alternative bus protocols.

The systems we choose are the TCP/IP network interface
card subsystem and variants of the two component system

Comm
Wt=128
.T.=58§

’

>
1 Weight determined ,

! byslower of busl i V in Fig. 7. The latter two systems are structurally equivalent,

', amdbus2 ! but differ from each other significantly in the computation
""""""" and bus access profiles exhibited by each component. For
() each system, an arbitrary set of values were chosen for the

Fig. 19. Effect of bridges. (a) Portion of initial CAG. (b) Portion ofparameters of the bus protocol. For the TCP/IP system we
transformed CAG. simulated 100 packets, each of size 512 B with the bus param-
eters chosen as followd1AX DMA_SIZE = 16 bus words,
finally, the data gets transferred at the speed of the slower PEROTOCOLOVERHEAD= 1 cycle,BUSWIDTH = 8 bytes,
Thus, there are the effects of two bus protocols to be taken ieeed= 166 MHz. The priorities were set so th@reate Pack
account. The transformed CAG is shown in Fig. 19(b), whef@s the highest priority followed byP_Chk followed by
two additional vertices mapped to the two buses have been d@ksumIn the second systen${'3), components’'l andC2
ated to take into account the two step arbitration process. For @gess the bus for an average of ten words at a time and execute
first arbitration,C2 plays the role of the bus master (br) and computations of average duration ten cycles. DMA block size
the bridge the slave, while in the second arbitration, the bridg&s set to five, priorities arbitrarily assigned, and the system
plays the role of the bus master (bs), while C5 is the slave. was studied for an execution period containing 2000 memory
Additionally, no other ready vertex should preveatfrom accesses from each component. The remaining parameters
executing once, andvs have executed. This can be done veryere set to the same values as in the TCP/IP system. In the
simply by boosting the priority of; to ensure it is at the top of third system, $Y&), C1 has an average bus access of duration
thereadylist as soon as it is ready to execute. These enhand@0 bus words whileC2 has an average bus access of size
ments and others pertaining to collecting execution statistics &@. The system was studied for 2000 iterations’@fand 400
easily integrated into the algorithms of Figs. 17 and 18. iterations ofC2.
Tables Il and IV present the results of our experiments.
Table Il reports the performance estimates obtained by com-
V. EXPERIMENTAL RESULTS plete system cosimulation (second column), the performance
estimate obtained using our analysis technique (third column),
In this section, we demonstrate through experiments the acand the percentage difference between the two (fourth column).
racy and efficiency of our technique and its consequent utility ifable IV reports the efficiency (execution time) of a complete
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TABLE I Performance vs. Priority and DMA size for TCP/IP subsystem
ACCURACY OF THEANALYSIS TECHNIQUE FORSHARED BUS ARCHITECTURES Sétggigg -
_ 3.16e+03 —
Example Co-simulation [CAG Analysis % 3.03e+03 —
System estimate Estimate variation # Clock Cycles %gggtgg -
(cycles) (cycles) 4000 2_22e+8§ _
TCP/IP 22877 22997 0.05 gaperls —
SYS1 68146 67827 0.47 3500 2216403 -
SYS2 69858 71400 221 3000
2500
TABLE IV 2000
EFFICIENCY OF THEANALYSIS TECHNIQUE FORSHARED BUS ARCHITECTURES 128
Example Co-simulation CAG graph 0 == Ly .
System Elapsed time (sec) | Elapsed time(sec) ST . DMA Size
TCP/IP 87 0.05 Priofity ° 4 ——suorg
SYSI 922 0.22 5 4
SYS2 638 0.13

Fig. 20. Efficient design space exploration for the TCP/IP system using the
proposed estimation technique.

system cosimulation (second column), as well as our perfor-
mance-analysis technique (third column). (Measurements of
elapsed time were made on a Sun Ultra-10 workstation with
128-MB RAM running Solaris 26) MEM4 COfnmunication CAG I‘Analysis Co-sin'lulation Error %
The results of Table Il indicate that our technique has ane, ~ Arehitecture ?Zty':l';tf intv';:‘:‘st)e
ligible loss of accuracy compared to complete HW/SW cosimt Config = Case 1, ’
lation. We note that the difference in the estimated performan: 52250 = L PMA =50, - 224031 231970 -3.42
is no more than 2.21% for the cases studied. In the case of t—— = —c3
TCP/IP study, there is only a 0.05% difference in the perfor Bus;widih =8, DMA =50,
mance estimate of our tool versus that obtained from a comple > e =l 244002 245696 -0.70
system simulation using the POLIS/PTOLEMY framework. C3>C4. Latency = |

. ) Config = Case 3,
Table IV shows that our performance-analysis technique g, i s sai = so.

TABLE V
COMPARISON OFALTERNATIVE ARCHITECTURES OFMEM4

two to three orders of magnitude faster than complete HW/S\  C/>C3, Latency =1, 165987 169999 2.36
. . Bus;y:width =8, DMA = 50,
cosimulation. C2>C4, Latency = 1

In order to demonstrate the utility of our performance-anal-
ysis technique in an iterative design space exploration franE-
work for a shared bus protocol, we performed the following ex-
periment. We ran an exhaustive search of all possible values off he next set of experiments demonstrate the effectiveness of
priority assignments and all meaningful DMA block sizes fo@ur analysis technique while investigating alternative commu-
the TCP/IP example, invoking our performance-analysis techication architectures, with multiple communication channels
nique for each configuration. Overall, there were 36 points kPnnected by bridges, and arbitrary mapping of events to chan-
this design space. Fig. 20 shows the performance of the TCPMgis. We also show how interesting tradeoffs can be closely ex-
system when processing ten packets of size 512 B under all p@&ined while exploring this large design space.
sible combinations of priority assignments and DMA sizes. The Experiments were conducted on MEM4, the four component
best performance is obtained when the DMA size is 128 afstem shown in Fig. 5(a) and described in Section II. Table V
priorities are assigned so tHateate Pack IP_Chk andChksum reports the results of performance analysis using both the pro-
are in descending order of priority. The curves in#é&” plane Posed CAG-based analysis method and the traditional approach
are iso-performance contours. The System performance is Sgt:;ﬁosimulation on three alternative communication architec-
to vary between extremes of 2077 cycles and 3570 cycles. THEesS, Case 1 to Case 3 shown in Figs. 5(b)—(d), respectively.
entire design space exploration experiment took less than 1 s of he results in Table V demonstrate the following.

CPU time. 1) The analysis technique is accurate even when estimating

The above experiment demonstrates that: 1) it is possible to  performance of the system given arbitrary communi-
perform thorough and fast exploration of the bus protocol design  cation architectures—the estimates obtained are within
space using our technique and 2) finding the ideal assignment 3.5% of those obtained via cosimulation.
of bus parameters that maximize performance of a given systen®) Exploring various communication architectures can lead
is a very complex problem. For example, it may not be apparent  to significantly better design choices to improve the per-
why one priority assignment works better than another in the  formance of a system. The results indicate that in Case
face of many synchronization events passing between the com- 1, conflicts on the shared bus lead to poorer performance
ponents. Though in the TCP/IP example increasing DMA size  (about 26%) than Case 3, where use of two buses exploits
always benefits the system performance, it need not necessarily the synchronization between the components to minimize
be so for systems in general, as we have seen in Section II-B. conflicts on each of shared buses. However even though

Experiments with General Communication Architectures
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TABLE VI performance figures for a given CAG and communication ar-
COMPARISON OFALTERNATIVE ARCHITECTURES OFTCP.IP chitecture. The third column denotes the time taken for the en-
TCP_IP Communication | CAG Analysis Co-simulation | Error tire system to be cosimulated, including behavioral hardware
Architecture 'i:‘y‘c“l‘;‘)e ‘fz‘y‘;’l‘;‘f % models of the communication architecture. Note that system
Config = Case 1, Bus width = 32, cosimulation using the hardware models of the communication
CREATE.PACKET»>1P CHE>> 69013 69508 -0.71 architecture (third column of Table VII) takes significantly more
_CHKSUM, Latency = 1 time than cosimulation performed with an abstract model of
Config = Case 2, bus, = busz = buss: . .
width = 32 DMA_SIZE = inf., 35079 36075 276 communication (second column of Table VII).
CREATE PACKET>>IP CHK>> i .

CAKSUM Latenev = 1 In row three, it is observed that the speed up of using our
Config = Case ,IghlIJXSIS =bus, = buss: res coes sy analysis over conventional HW/SW cosimulation is 245X. In
CREATE_PACKETS>IP_CHK>> ’ general, Table VII reports a speedup of two orders of magni-

CHKSUM, Latency =1

tude for each system investigated. Note that the first column en-
tries of rows 2 and 3 of Table VII are zero because only one
TABLE VI initial cosimulation (that reported in row 1) was necessary in

COMPARISON OFRUNNING Z'g'SEIMOUFLleA& BASED ANALYSIS AGAINST order to explore all the alternative communication architectures.

Hence, evaluating several alternative communication architec-

Case Study | Co-simulation for | CAG Based |  System  Speedup  yres using our analysis technique is accurate and fast, while it
CAG Generation Analysis | co-simulation . . . . .
(seconds) (seconds) | (seconds) would be prohibitively time-consuming using the system cosim-
M(':EM“lin 220 82 1325 162 ulation approach (fourth column).
ase
configuration
MEM4 in 0 83 1895 228 VL. C
Case2 . CONCLUSION
configuration . i
MEM¢4 in 0 76 1863 245 In this paper, we have demonstrated that the selection of
Case 3 the communication architecture for a system (its topology
configuration d ch | t | h inifi ti t it
TCP 1P in 84 1.0 688 239 and channel protoco s)_ can have a significant impact on its
Case 1 performance. This motivates the need for fast and accurate
configuration

exploration tools to evaluate various design alternatives. We
have described a trace-based approach that helps evaluate
Case 2 uses multiple buses, the additional cost of comn@lternative bus protocols and communication architecture

nicating through a bridge by for each memory request gpologies. We believe our technique will be helpful in meeting
C, andC; degrades performance by 9%. this need in the system-on-chip design environment and have

presented experimental results that support claims of efficiency

We next conducted experiments on alternative architectud accuracy. .
for the TCP/IP network interface card system involving multiple N future work, we plan to develop methodologies to automat-
buses. Two alternative communication architectures are shol@lly generate simulation test benches that create worst-case
Fig. 4(b), using a shared bus (Case 1), and Fig. 4(c), using thre&ditions for the commt_mlcanon archltef:ture—for |r_15tance,
buses (Case 2). Table VI shows results of simulating the systéHfh @ test bench could include a set of input stimuli that re-
under one configuration of Case 1 and for two configurations 8¢t in very high contention for access to a shared communica-
Case 2. tion channel. Since our performance-analysis technique is trace-

Again, it is clear that no loss of accuracy has been sufferdpsed, use of 'such test benches will ena.ble exhaustive perfo'r-
Additionally, Table VI shows a comparison of the performand®ance analysis of the system under various boundary condi-
of the system under three situations. The shared bus of 32 §@§s- We are currently investigating how to incorporate our per-
provides poorer performance (49.2%) than a multiple bus cdfmance-analysis tool into an optimization framework to auto-
figuration of three buses that allows uninterrupted pipelined pritatically generate an optimal communication architecture for
cessing of incoming packets. (While packeis accessed by & given sys'tem. We are also enhancing the tool to take into ac-
CHKSUM in MEM3 via Bus 3, packet + 1 is accessed by count a variety of runtime effects.
IP_CHK in MEM2 via Bus 2, and packet+ 2 is written to
MEML1 via Bus 1). However, when the width of each of the three ACKNOWLEDGMENT
buses was reduced to 16, the performance improvement dropped . _ . .
to only 2%, showing that the advantage of splitting the bus a OIThe authors would like to thank M. Lajolo for his help with
thereby decreasing conflicts is countered by the price of lo POLIS and PTOLEMY frameworks.
bandwidth on each bus.
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