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Abstract switch port scheduler and a TCP/IP Network Interface Card subsys-

In thi | hodol for the desi (Efm, indicate that performance (metrics such as number of missed
n this paper, we present a general methodology for the design Qealines, average or aggregate processing 8tg,of systems with

is based on the addition of a layer of circuitry, called the Communicag,a, corresponding systems with well-optimized conventional com-
g?ghﬁégmtricigz)eol-{) lér;erTﬁﬁ?&;ﬁg”ﬁ?ﬁ“&%ﬂﬁﬂgﬁ fﬁénzrﬂ)‘flri‘t';"’g]lotﬂrgunication architectures. In the rest of the paper we show that:
system to adapt to changing communication needs of its constituent ® gf'agngzsﬁgeﬁgmgnggﬁﬁﬁrﬂ céért?grllt%ﬁtcur{i?gcﬁfngggiir%ci)r\w/\ée{;e-
components. For example, more critical data may be handled differ- havior of a CAT-based communication architecturiegtter cus-
ently, leading to lower communication latencies. The CAT monitors tomized tahe needs of each component that is connected to it
the internal state and communication transactions of each component, | 0" resented CAT desian methFc))doIo trades off sophistica-
and “predicts” the relative importance of each communication trans- tion gf the communicatio% architecturegyrotocol with th?a com-
action in terms of its potential impact on different system-level per- lexity of (and hence, overhead incurrgd by) the added hard-
formance metrics. It then configures the protocol parameters of the \F/)varey ’ v
underlying communication architectured. priorities, DMA modes, e In several cases, the use of CAT-based communication architec-
etc) to best suit the system's changing communication needs. tures can result in systems that significantly outperform those
We illustrate issues and tradeoffs involved in the design of CAT-  pa5eq on any static customization of the protocol parameters.
based communication architectures, and present algorithms to aug
mate the key steps. Experimental results indicate that performance? Related Work _
metrics €.g. number of missed deadlines, average processing time) There is a large body of work on system-level synthesis of
for systems with CAT-based communication architectures are signif@pplication-specific architectures, through HW/SW partitioning, and
cantly (sometimes, over an order of magnitude) better than those withrough mapping of the application tasks onto pre-designed cores and

conventional communication architectures. application-specific hardware [1, 2, 3, 4,5, 6, 7, 8]. Those that do not
. ignore communication altogether, either assume a fixed communica-
1 Introduction tion protocol €.g, PCl-based buses), or select from a “communica-

The evolution of the System-on-Chip (SOC) paradigm in elecdion library” of a few alternative protocols. Research on system-level
tronic system design has the potential to offer the designer severgynthesis of communication architectures [9, 10, 11, 12] mostly deals
benefits, including improvements in system cost, size, performanc¥/ith synthesis of the communication architecture topology. While
power dissipation, and design turn-around-time. The ability to realf0P0logy selection is a critical step in communication architecture
ize this potential depends on how well the designer exploits the cuglesign, equally important is the design of the protocely (ime-
tomizability offered by the system-on-chip approach. While one di-Slicé based [13], static priority based [14}c) used by the chan-
mension of this customizability is manifested in the diversity and con€lS/buses in the selected topology. The VSI Alliance on-chip bus
figureability of the components that are used to compose the systefyPrking group [14] has recognized that a multitude of bus protocols
(e.g, processor and domain-specific cores, peripherals, etc.), anoth Il be needed in order to serve the wide range of SOC communica-

; i i~ abili i0n requirements. Finally, there is a body of work on interface syn-
equally important aspect, is the customizability of the system com%;esiS [15, 16, 17, 18, 19, 20, 21, 22], which deals with automatically

munication architecture. In order to support the increasing diversit - = ‘ -
and volume of on-chip communication requirements, while meetin@enerating efficient hardware implementations for component-to-bus

stringent performance constraints and power budgets, communicatig COmponent-to-component interfaces. These techniques address is-

architectures need to be customized to the target system or applicati?He.s in the implementation of specified protocols, and not in the cus-
domain in which they are used. omization of the protocols themselves.

) o In summary, we believe that previous work in the field of system-
1.1 Paper Overview and Contributions level design and HW/SW co-design does not adequately address the

In this paper, we demonstrate the need for the design of erxiblgrOblem of customizing the protocols used in SOC communication

ot hitect b vz I ; d rchitectures to the needs of the application. Another characteristic of
communication architectures by analyzing example SySIems and Strayigys research is that the design of the communication architecture

n?rtiols in \?'/hfiChtr?o sta%ic qusttpmization of the pl’Ot_OCCt)_lS can CoMig herformedbtaticallyusing information about the application and its
ple ety S_IE_‘r:s y the sty?jetm% _|me-vary|nbg com(;n;mlcat_lor_l require-anvironment. In several applications, the communication bandwidth
ments. ~1he presented technique can bé used (o optimiz€ any Uikq ired by each component and the relative “importance” of each

derlying communication architecture topology by enhancing it with it ; PP : .
Communication Architecture Tuners (CATs) which make it capabl%mmumcatlon request, may be subject to significant dynamic vari

. . A= tions. As shown later in this paper, in such situations, protocols
of adapting to the ch%nglng commu_lrlncatlon nﬁeds of the componeniie 4'in conventional communication architectures may result in in-
connected to it. In this paper we illustrate the issues and tradeo equate or significantly sub-optimal performance.
involved in the design of CAT-based communication architectures, Y . ] .
present a methodology, and describe algorithms for their design. x> Communication Architecture Tuners: Design Issues
perimental results for several example systems, including an ATM In this section, we first motivate the need for CAT-based com-

munication architectures by showing how the limited flexibility of
conventional communication architectures can lead to significant de-
terioration in the system’s performance. We then introduce CAT-
based communication architectures and show how they address the
above mentioned drawbacks. Finally, we discuss the key issues and
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and interfaces with the Ethernet controller peripheral (which imple- p— COM M.

requests

ments the physical and link layer network protocols). Since packets E— CAT
in the TCP protocol do not contain any notion of quality of service CHECKSUM ——— priority =f1( size, deadine )
(QoS) [23], we have enhanced the packet data structure to contajn.a header | DMAsize =f2( size, deadine )
field in the header that indicates a deadline for the packet to be [ & IP_CHECK  CHECKSUM (size,
cessed. We assume that the objective during the implementatiol oaas [ ceadined
the system is to minimize the number of packets with missed de&® f signals protocol
lines. < ~
L i BUS INTERFACE
\ CHE?KSUM Optimized
Ig{\';lroorf " / : ngﬁzgion Atbitek TRy To communication architecture
(a) Specificationk‘V . ! layer (a) (b)
Protocol e ' . Figure 3: CAT-based architecture for th€Pexample
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Figure 1:TCPsystem from a network interface card: (a) Specification | | , | " i P Y cadines
and (b) Implementation utilizing a conventional bus-based communi | R

cation architecture I

Figure 1(a) shows the behavior of tHECP system as a set I cther_driver [N ip_check checksum
of concurrent communicating processes. Figure 1(b) shows tHeigure 4: Execution of the optimizeBCP system with a CAT-based
system architecture used to implement tREP system. The architecture
ether _driver and pkt _queue processes are mapped to em- the new priority assignment is depicted in the second waveform of
bedded software running on a MIPS R3000 processor, while thgigure 2. As a result of the new priority assignment, packetsd
ip check andchecksum processes are implemented using dedi-; + 1 meet their deadlines, but packgmisses it, due to contention
cated hardware. All communications between the system componenigth a request fromether_driver for processing packegt+ 1.
are implemented using a shared bus. The protocol used in the shared |n summary, each of the two bus priority assignments considered
bus supports static priority based arbitration and DMA-mode transfefor the TCP system led to missed deadlines. Further, the arguments
The arbiter and the bus interfaces of the components together implgresented in the previous two paragraphs can be applied to show that
ment the bus protocol, which allows the system designer to specifor every possible priority assignmeither packet + 1 or packetj
values for various parameters such as bus priorities, DMA block siz@ill miss its deadline.
etc The example shows a situation where the relative importance

We analyzed the performance of tREP system of Figure 1 for of the communication transactions generated by the various system
several disfinct values of the bus protocol parameters. For ease fpmPonentsariesdepending on the deadlines of the packets they are
explanation, we vary only the bus priority values for each compoProcessing. It demonstrates that conventional communication archi-
nent, with fixed values for the remaining protocol parameters. An abteCtures (i) provide too limited a degree of customizability for systems
stract view of the execution of tHECPsystem processing four pack- With stringent performance requirements, and (ii) are typically not ca-
ets (numbered, i + 1,7, + 1) is shown in Figure 2. The figure pable of sensing and adapting to the varying communication needs of

indicates the times at which each packet arrives from the networ%e system and the varying nature of the data being communicated.

: b Example 2: A CAT-based communication architecture for thEP
and the deadline by which it needs to be processed. Note that whilysiem s shown in Figure 3(a). CATs are added to each bus mas-

tdhe glr_rlval times ofc}_k#e pactketg_are 1'”.th.e _ord,elzr+ 1,j,j + 1,the  tgrand the bus control logic (arbiter and component bus interfaces) is
eadlines are in a diterent orae#- 1,1, 7,7 + 1. enhanced to facilitate their operation. A more detailed view of a com-
Consider the first waveform in Figure 2, which represents the exeggonent with a CAT is shown in Figure 3(b). The component notifies
cution of the system when the bus priority assignmeémrtcksum > the CAT when it generates communication requests. The CAT also
ip_check > ether_driver is used. After the completion of the observes selected details about the data being communicated and the
ether_driver process for packel, the arbiter receives two conflict- component’s internal state.
ing bus access requests: proceésscheck requests bus access to  In this example, the CAT observes the packet size and deadline
process packeat while ether_driver requests bus access to processfields from the header of the packet currently being processed by
packeti + 1 (since packet+ 1 has already arrived from the network). the component and performs the following functions: (i) it groups
Based on the priority assignment, the arbiter gives bus access to preemmunication events based on the size and deadline of the packet
cessip_check. This effectively delays the processing of packet 1 currently being processed, and (i) for events from each group, it de-
until ip_check andchecksum have completed processing packet termines an appropriate assignment of values to the various protocol
This leads to packet+ 1 missing its deadline. Packefsandj + 1 parameters. The rationale behind using the deadline is that packets
do meet their deadlines. with closer deadlines need to be given higher importance. In cases

We attempted to eliminate the problem mentioned above by usvhen all the packets in the system have roughly equal deadlines, it is
ing a different priority assignmentfher_driver > ip_check > advantageous to favor the completion of packets which are smaller,

checksum) for the bus protocol. The execution of the system undesSince they have a better chance of meeting the deadline. For example,
the priority is computed using the formua(t,—t.) wheres, t; and
t, represent the packet size, deadline, and arrival time, respectively.
The packet sequence of Example 1 was used to drive execution of
i+l the optimized system of Figure 3. Under a CAT-based architecture,
1 —» |aoaume the systenmeets the deadlines for all the packetghen packet + 1
(which has a tight deadline) arrives, the CAT assigns to the commu-
W [imisses nication requests generated bsher_driver a priority higher than
deadine  those assigned to requests frgpacheck andchecksum, which are
still processing packet This leads to packet+ 1 meeting its dead-
line. When packej+1 arrives, however, the communication requests
) I cther_driver [N ip_check checksum . generated byther_driver are assigned a lower priority, allowing
Figure 2: Execution of thd@CP system for various bus priority as- j,_check andchecksum to process packetto completion in order
signments to meet its tight deadline. |
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An effective realization of a CAT-based communication architec- ; | 1 2 2 x3 yg: 4 41 x5 X6 :y5
ture hinges on judiciously performing the following steps: OdijOOCD SOOO T oOOO O,
1 1 1 1

1
1

¢ Identifying performance-critical communication events from a ! Missed deadling

performance analysis of the system. . /v://:-/»/*

e Detecting the occurrence of these communication events in Jeadlnee—"o-——"""""Time
hardware while the system is executing. Figure 6: A trace of bus activity for the system shown in Figure 5

e Assigning appropriate values for communication protocol pa; o ayer e i ; i
Vet ' - Fe., y event classified as critical should indeed be critical, and
rameters (such as priorities and DMA sizes) to the criticalg, oy critical event should be detected by the classification. Sup-
events, and translating these results into a high-performance NSose, in this example, we are allowed to use only one variable for
plementation. classification, sayes. We find that, in all the cases where deadlines

In our work, we use aanalysis of the system execution traeesa ~ are missed, eventy occurs. Based on this insight, we may choose
basis for identifying critical communication events. An advantage offcriticat = €3. However,e3 often occurs along with non-critical com-
using execution traces is that they can be derived for any system fanunication events as well. #3 is used as a classifier, only 16% of
which a system-level simulation model exists. The generated tracdbe communication events classified to be critical are indeed criti-
can be analyzed to examine the impact of individual (or groups offal. Thereforeed could erroneously classify several communication
communication events on the system’s performance and identify crigvents, and incorrectly increase their priorities, causing system per-
ical events. formance to suffer.

In addition to identifying critical communication events, we need  Figures 7 (a) and (b) plot the percentage of critical communication
to correlate their occurrence to otheasily detectable propertiesf ~ events inf.,..i..., and the percentage sfcovered byf. itica, VErsus
the system state and data it is processing. If an analysis of the sirthe number of variables that perform the classification, respectively.
ulation trace reveals that the occurrence of a critical data-transfer iBhe z axis shows the number of variables used to perform the classi-
highly correlated to a specific branch in the behavior of the compofication. For example, the best classifier that uses two variables cap-
nent executing the transfer, the occurrence of the branch might Beres 100% of critical communication events, while only 50% of the
used as a predictor for the criticality of the data transfers generatezbmmunication events classified as “critical” by it are actually criti-
by the component. The following example examines some tradeofféal. Note that, in this example, as the number of variables increases,
in designing these predictors. the percentage of critical communication eventg ... increases.

Exambple 3: Consider the system shown in Figure 5. which is used t This is because, as the number of variables increases, the classifica-
p y Y g ' %ion criterion becomes more stringent, and non-critical events are less

encrypt data for security before transmission onto a commun_icatioq&kew to pass the test. However, simultaneously, critical events could
network. Componentprocesses the data, determines the coding anfla"jissed. as shown in Figure 7(b) (note the decrease in the percent-

! Y ~fore, one needs to judiciously choose the right number of variables,
shargd Eus tot;he dpg[rlptheralfthat transmits it omo the tnetwtc))rk. F.I'_Qind the right classification functions in order to maximally improve
Uaed g ‘ﬁ‘."’s e al? rans ?rs occurring Ontdet stys er? ufs. Gstem performance. In this example, optimal resuits are obtained by
shaded ellipses, markgel(: = 1. .. n), represent data transfers from qing three variables:(, e2, ande3) and a classification function

Component2o the network peripheral. Let us suppose tGatmpo- — L o -
nent2should transfer data at a fixed rate, and each data transfer shoufgritical = ¢1.¢2.¢3. This identifies most of the critical events, and
ery few non-critical ones. ]

occur before a deadline (indicated in Figure 6 by a dotted line). Th¥
analysis of the execution trace indicates that deadlines are frequen .

not met and identifies those communication events that did not meg\t/ Overall Methodology for the Design of CATs

their deadlinese.g, y1 andy». In addition, it also identifiesritical In this section, we present a structured methodology and outline
communication eventse,, those which when sped up, could poten- the different steps involved in the design of CAT-based communica-
tially improve system performance. 4f denotes a critical commu- tjon architectures.

nication event (Figure 6), andl denotes the set of all;'s, the per- Our algorithm takes as inputs a simulateable partitioned/mapped
formance of the system can improve if the execution of events in system description, the selected communication architecture topol-
improve. ogy, typical environment stimulus or input traces, and objectives

Next, we correlate the occurrence of critical commpnlcatlonagd/or constraints on performance metrics. The performance met-
events with information about the system state and data it is procesgics could be specified in terms of the amount of time taken to com-
ing. We define acontrol-flow evenas a Boolean variablt_a_which a$- p|ete a specific amount of Wor|e.(g’ a We|gh’[ed or uniform aver-
sumes a value of when a component executes a specific operationage of processing times) or in terms of the number of output dead-
For example, the behavior Gfomponent1 shown in Figure 5is an-  |ines met or missed for applications with real-time constraints. The

notated with control-flow eventsl, e2, e3, ande4. In general, ife;,  output of the algorithm is a set of optimized communication proto-
ez, ..., en are the control-flow events which are used to determinesols for the target system. From a hardware point of view, the sys-
whether or not a communication request is critical, we can define gem is enhanced through the addition of Communication Architec-
Boolean function feriicat = f(e1, €2, ..., en) Whose on-setdenotes ture Tuners wherever necessary, and through the modification of the
the set of communication events classified as critical. . controllers/arbiters for the variols channels in the communication ar-
The number of control-flow variables used for this classificationchitecture.
has a profound impact on the classification of communication evepts. 100
A good classification should have the properties of a one-to-one ma . (clep.e3ed .
) {/el < (ele2.e3) = . :g
packet = concat(packet,data);} Component 1 g K
if (...) {1l €2 = S a
i‘f“(secumy == high) { //e3 _g (e2,e3) §
packet->encryption_level = 0;} D D D D 8 o
else if (security == medium) { g <
packet->encryption_level = 1;} | b= "Eg%,g% " .
else { > £ , 5
packet->encryption_level = low;} H § R
switch (channel_char.) //e4 ; < -62, 23
case 1: packet->code = 1;break; Encoding s |t I
case 2: packet->code = 2; break; and encryption 2 3 4 5 § 1 2 3 4 5 6'
gﬁ;augggfggifiﬁgfyf);;; liJrrc]-.‘na)k / Component 2 # of variables used for classification # of variables used for classification

a
Figure 5: A data encryption system that illustrates tradeoffs in thd-igure 7: A plot of different classification metrics with respect to the
identification of critical communication events number of variables used for the classification
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Figure 10: Methodology for designing CAT-based communication

|} parameters architectures
BUS INTERFACE All communication transactions that occur when the partition detec-
tor FSM is in stateS3 are classified as belonging to partitiGir; .
=% ; The fifth waveform shows the output of the priority generation cir-
To communication architecture cuit. Here it assigns a priority level dfto all transactions that belong
Figure 8: Detailed view of a component with a CAT to partitionC P;. This increase in priority leads to a decrease in the
A delay associated with the communication transactions that belong to
partitionC P, as shown in the last waveform of Figure 9.
TracerTokens $ _ The overall methodology for designing CAT-based communica-
tion architectures is shown in Figure 10. In stepperformance

analysis is applied to the partitioned/mapped system description in
order to derive the information and statistics used in the later steps.
In our work, we use the performance analysis technique presented
in [24], which is comparable in accuracy to complete system sim-
ulation, while being much more efficient to employ in an iterative
manner. The output of this analysis isCommunication Analysis
Graph (CAG) which is a highly compact representation of the sys-
tem’s execution under the given input traces. The vertices in the graph
. ) . . - . represent clusters of computations and abstract communications per-
Figure 9: Symbolic illustration of CAT-optimized communication ar- formed by the various components during the system execution. The
chitecture execution edges in'the graph represent the dependencies between the various
A simple system with a CAT-based communication architecturecomputations and communications. The CAG is constructed from a
generated using our techniques was shown in Figure 3(a). A mometailed system execution trace and can be easily analyzed to deter-
detailed view of a component with a CAT is shown in Figure 8. Themine various performance statistics.
CAT consists of a “partition detector” circuit, and parameter gener- In step2, we group the communication vertices in the CAG into a
ation circuits that generate values for the various communication arrumber of partitions such that each partition contains a set of events
chitecture protocol parameters during system execution. that have similar communication requirements, while different parti-
Partition detector: A communication partitioris a subset of the tions represent distinct requirements. Note that in the extreme case,
communication transactions generated by the component during sygach communication vertex in the communication analysis graph can
tem execution. The partition detector circuit monitors and analyzebe assigned to a distinct partition. However, this can cause the area
the following information generated by the component: and delay overhead incurred in the CAT to become prohibitive. Step
T tok ted by th t to indicate that it i 3 evaluates various statistics for each communication partition, based
¢ Iracer tokengenerated by the component {o Indicate thal 1L 1Sq, \yhich, stept determines an assignment of protocol parameter val-
executing specific operations. The component is enhanced

s for each partition. The output of s#[s a set of candidate proto-
generate these tokens purely for the purpose of the CAT. cols for the system communication architecture. Sep-evaluates

e The communication transaction initiation requests that are gerthe system performance for the optimized protocols derived indstep
erated by the component. If a performance improvement results, stdgs 5 are repeated until

e Any other application-specific properties of the communicationn© further performance improvement is obtained. Sefeals with
data being generated by the componeng (fields in the data  Synthesis of hardware (CATs) to implement the optimized protocols
which indicate its relative importance). that were determined in step

The partition detector uses this information to identify the start andt Algorithms for the Design of CATs

end of a sequence of consecutive communication transactions that |n this section we describe the shaded steps of Figure 10 in more

belong to a partition. In Section 4.3, we present general techniques tail. We present techniques to obtain partitions of the communica-

automatically compute the start and end conditions for each partitiogion event instances, discuss how to select an optimal set of protocol

Parameter generation circuits: These circuits compute values for parameter values and how to synthesize CAT hardware for classifying

communication protocol parameters.d., priorities, DMA block  communication event instances into partitions.

sizes,etc) based on the partition ID generated by the partition de- - T I .

tector circuit, and other application-specific data properties specifierl ~ Profiling and partitioning communication event instances

by the system designer. The values of these parameters are sent to thein step2 of Figure 10, we perform an analysis of the CAG gen-

arbiters and controllers in the communication architecture, resultingrated in stef to measure the impact of individual communication

in a change in the characteristics of the communication architecturgnstance delays on the system performance. Instances which have a

Automatic techniques to design the parameter generation circuits agimilar impact on the system performance are grouped into the same

presented in Section 4.2. partition. The performance impact of an instance is measured by a pa-
The functioning of a CAT-based communication architecture is il-rameter calledensitivity that captures the change in system perfor-

lustrated using symbolic waveforms in Figure 9. The first two wave-mance when the communication delay of the instance changes. The

forms represent tracer tokens generated by the component while tfalowing example illustrates our partitioning procedure.

third waveform represents the communication transactions generated Figure 11 shows a section of a CAG generated from a represen-

by the component. The fourth waveform shows the state of the patative execution of an example system. Shaded verticébrough

tition detector circuit which changes in response to the first threez4 represent instances of communication events. Vertigemnd z»

Comm.transactions

Partition
Recognizer State

Parameter (Priority)

Comm.Delay




system execution time (clock cycles) From this ordered list, the first partition is assigned the highest prior-

_____ c A= 10,0 = t(z;) +(z2) ity, the second partition the second highest priority and so on. Table 1
_____ . Start=45 i??j z20 shows the ranking of partitions for the given values.
Finish'=50, 2) =
Sgcaj:éo 4.3 Synthesis of an optimal communication protocol
s(cy) =

Figure 12(a) shows an extract of a CAG after the sensitivity-based
partitioning step has been performed. For simplicity, only commu-
nication vertices are shown in the figure. All highlighted vertices in
componentC;,’s trace belong to partitio P;. In step6 our goal

Finish=14 is to generate a Boolean formula which evaluates wehen a vertex

) o ) N ° belongs taC' P, and to0 at other times. The next three waveforms in
Figure 11: Sensitivity calculation and partitioning instances in theFigure 12(a) show three cases where different events;, ¢3, have
CA been chosen to act &sacers for componenC . For a givertracer

represent the final outputs of the system. The objective function to ble, @ distance d is calculated for each communication instange
minimized is the quantity(z,) -+ (z2), wheret(v) is the finish time ~ €qual to the number of communication instances separatingm
of a vertexv in the CAG. the previous instance of. )

To measure theensitivity of the system performance to commu- __In order to perform partition assignment, the CAT hardware must
nication instance , the existing delay of; is perturbed by a value detect aracer, count and ignor, communication instances, and
A, and a traversal of the transitive fanoutcfin the CAG is used then start assigning the neit instances to a particular partition. For
to re-compute the start and finish times of the affected vertices. Th@xample, forF'ormaulas, t1 is thetracer, 6, = 4, andf, = 3. Fig-
updated finish times of the vertices are used to calculate the change%he 12(a) shows the actual classification of communication instances

system components

Start=35
Finish*=40

the system performance metric. In this example, perturbing the deldiat results from each of the three formulae. Figure 12(b) shows the

of ¢1 by 10 units delays the finish of bothy andz» by 10 units each, pPrediction accuracy of each formula. It turns out thatrmula, per-
thille gerturbing the gi/elay af, delaySzlwe}Ione.h y forms the best, predicting correctly with a probability0o$ whether

In the manner described above, we calculate a sensitigity) ~ Of NOt a given instance belongs furtition:. Figure 12(c) shows
for each instance;, which measures the change in the value of thean FSM that implement8'ormula, . _
objective functionO after perturbing the delay af; by A. Next, In general, choosing the appropriate tracer tokens and appropriate
we group communication event instances that have similar sensitivity@lues foré, and 6> may not be a trivial task. We formulate the
values to form a partition. In this exampte, is assigned to partition Problem in terms of a well-known problem from regression theory,

CP1, c» andes are assigned t€P2, andc; is assigned t€Ps. and use known statistical technigues to solve it. )
e . .03 g 2 o g 3 A data set is constructed from the CAG for each examineder
4.2 Modifying Protocol Parameters consisting ofdistances di,ds, ...d,, and a0 or 1 value for each

In this section we describe stepsind4 of the overall flow,i.e,  d: (derived from the partitioned CAG) indicating whether or not the
how to examine each partition and then assign optimized protocol pgommunication instance at distang¢efrom the tracer token belongs
rameter values to them. While our discussion is confined to determirio a partitionC'P;. The regression functiofi is defined as follows :
ing the priority that should be assigned to each partition, it could be 1 @ 01 <d<b1+6
extended to include other protocol parameters such as whether burst f(d,0) = { 0 : elsewhere
mode should be supported or not, and if so what the correct DMA  \yhen f is 1, it indicates the instance at a distantbelongs to

size should be. . ~ ) .
The sensitivity of a partition indicates the impact its events CPi- An assignmend = {6, 6} is required that causes the least

have on the performance of the system. However assigning prioritigBean square erdy."_, |y — f(d,0)|*, wherey is the value from

?ﬁsed %n the SenSItIV_Itty_;ilodne maytHOt ltead %ﬁ thedbestt a?fSIgtanflIfﬁe data set, and(d, §) is the prediction, to be minimized. Since
IS 1S because sensilivity does not capture the Indirect eNects of gq yaqression function is non-linear i no universal technique is

communication event (or set of events) on the delays of other concu 'nowngto compute an explicit solution. However, several hqeuristics

rent communication events. We account for this by deriving a metri nd iterative procedures may be used '[25] '

that penalizes partitions which are likely to negatively impact the exe- ] P y ’

cution of communication events in other partitions. In order to obtairb  Experimental Results

this information, we analyze the CAG and evaluate, for each pair of | this section, we present results of the application of our tech-

partitionsC'P;, C'P;, the amount of time for which communication pjqyes to several example systems, We present performance results

events that belong t6'P; are delayed due to events frathP; . Table Based on system-level co-simulation for each example.

1 shows example data for a system with three partitions. Column 2" The firsf example is th&CPsystem described in Section 2. The

gives the sensitivity of each partition. Columns 3, 4 and 5 gives thgecond example is a packet forwarding unit of an output queued ATM

total time (v;;) that instances in partitio@’Py, CP, andCPs wait  syjitch. The next exampl&YS is a four component system, where

for instances in each of the other partitions. For example, instances ghch component issues independent concurrent requests for access to

C'Py induce a total waiting time of 100 cycles for instancesi> 3 shared memory through a shared BBRDGs a system consisting

to finish. Column 6 gives the sum of columns 3, 4 and 5 to indicatgyf four components, two memories and two buses connected by a

the total waiting time ¥;) events in partitiorC P; have introduced bridge. Details of both these systems may be found in Figure 2 of

in other partitions. N o ) [26].
To assign a priority to partitiod’ P;, we use a heuristic metri€; Table 2 demonstrates the performance benefits of using CAT-
which is calculated (using the notation of Table 1), as based communication architectures over a static priority based com-
P s(i) — s(j)wij munication protocol. Each row in the table represents one of the ex-
i = s() Z W ample systems described earlier. For each system, column 2 defines

. . j=1 L a performance metric. For tHeCP, SYSand ATMsystems, the per-
In this formula, the first term accounts for the sensitivity of the par-formance objective is to minimize the number of missed deadlines.
tition C'P;, while the summation penalizes the partition for inducing | the case 0BRDGeach data transaction is assigned a weight. The
waiting time in other partitions. Once this metric has been evaluategerformance of the system is expressed as a weighted mean of the
for each partition, the partitions are ranked in descending order.of execution times of all bus transactions. The objective in this case is

Table 1: Statistics of the Partition to minimize this weighted average processing time. The static com-
Partn. | s(G) Wip Wi Wi W, Partition munication protocol consists of a fixed DMA size for each communi-
(cycles) | (cycles) | (cycles) | (cycles) Rank cation request and a static priority based bus arbitration scheme. For
CP, 100 0 100 3 103 | 17.18> 2 these examples, the CAT-based architecture uses application specific
CP, 85 4 0 3 7 23.57> 1 information such as the weights on each request and deadlines, as de-
CP, 10 0 7 0 7 -75.6> 3 scribed in Section 4, to provide for a more flexible communication

protocol.
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Table 2: Performance of systems using CAT-based architectures

Example| Metric Input Static | CATs based|Improve

System Trace |Protocol|architecture| -ment

TCP/IP missed 20 10 0 -
deadlines | packets

SYS missed | 573 413 17 24.3 (1]
deadlines| trans.

ATM missed | 169 0 16 25 2]
deadlines | packets

BRDG | avg. no. of| 10,000 | 30472 |  254.1 12 (3]
cycles cycles

Table 3: Immunity of CAT-based architectures to variation in inputs

Inputs to the | Input Trace Static | CATs based| Performance [8]
SYS Information | Protocol | architecture | improvement
example (6]
Trace 1 848 318 161 1.98
transactions 7
Trace 2 573 413 17 24.3 Y
transactions
Trace 3 1070 316 38 8.37 i8]
transactions

For each system, column 4 reports performance results obtained
using a static communication protocol, while column 5 reports re-
sults generated by simulating a CAT-based architecture. Speed-u?o]
are reported in column 6. The results indicate that significant benefit
in performance can be obtained by using a CAT-based architecture
over a protocol using fixed parameter values. In the ca3&€8#f the [11]
number of missed deadlines was reduced to zero, while in the case of
SYS a24X performance improvement (reduction in the number of [12]
missed deadlines) was observed.

The design of an efficient CAT-based communication architecture
depends on the selection of a good representative trace when p
forming the various steps of the algorithm of Figure 10. However,
our algorithms attempt to generate communication architectures thats)
are not specific to the exact input traces used to design them, but
display improved performance over a wide range of communication[16]
traces. In order to analyze the input trace sensitivity of the perfor-
mance improvements obtained through CAT-based communicatior”]
architectures, we performed an additional experiment. FoB¥®
example, we simulated the system with CAT-based and convention
communication architectures for three different input traces that ha
widely varying characteristics. Table 3 presents the results of our ex-
periments. The parameters of the input traces were chosen at randoif]
to simulate run-time unpredictability. In all the cases, the system with
a CAT-based communication architecture demonstrated a consisteg\%O]
and significant improvement over the system based on a convention
communication architecture. This demonstrates that the performance
of CAT-based architectures are not overly sensitive to variations inj21]
the input stimuli.

6 Conclusions

This paper showed how the the judicious addition of a layer of cir- 23]
cuitry, called the Communication Architecture Tuner (CAT), around
any existing communication architecture topology can enhance a sygz4
tem’s capability of adapting to the changing communication needs
of its constituent components. We illustrated issues and tradeoffs
involved in the design of CAT-based communication architectures,[25]
and presented algorithms to automate the process. From conductétf!
experiment we conclude that performance metreeg.(number of

13]
4]

8]

(22]

missed deadlines, average processing time) for systems with CAT-
based communication architectures are significantly (sometimes, over
an order of magnitude) better than those with conventional communi-

cation architectures.
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