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Cache memog-so 
effective in  traditional 
control-flow 
architecturehas the 
potential to enhance 
dataflow system 
performance as well. 
n e  authors explore 
the recent trend in 
co m bin ing da taflo w 
and control-flow 
processing, which 
offers new alternatives 
in computer 
architecture design, 
and analyze cache 
memo y 's application 
to the dataflow 
environment. 

urrent microelectronics technology has enabled chip capac- 
ity to exceed 64 million transistors, and computer architects 
are facing the increasing challenge of ULSI (ultra large scale 

, integration) technology. By the year 2000, technology 
advances are expected to make possible chps with more than 

100 million transistors. With such a significant on-chip hardware capac- 
ity, concurrency is a way to reduce the computation gap between the com- 
putational power demanded by the applications and that demanded by 
the underlymg computer platforms. 

Designers can increase architectural support for instruction-level par- 
allelism to absorb such a massive hardware capacity; examples are super- 
scalar and superpipeline machmes.' However, the single-instruction stream 
processing characteristic of the control-flow machine makes it inherently 
unsuitable to exploit superscalar and superpipeline architectures effi- 
ciently.2 This is because the total ordering of the control-flow execution 
model is ill-equipped to tolerate long, unpredictable memory and com- 
munication latencies that are unavoidable in a multiprocessor system. 

An alternative is to design parallel computers based on partial order- 
ing of the execution. Datajlow machines are an example of this approach, 
where an instruction initiates (fires) only when all the required operands 
are available. Instructions impose no sequencing constraints except the 
one on the program's data dependencies. As a result, the program's 
dataflow graph representation exposes all forms of parallelism, eliminat- 
ing the need to explicitly manage parallel program execution. 

Research efforts have long focused on the dataflow computation model, 
simple and elegant in describing parallelism and data dependencies. Since 
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the early 1970s, researchers have proposed, simulated, 
and prototyped dataflow designs. The  consensus is that 
directly implementing the dataflow concept carries 
overhead costs, mainly due to its fine-grain approach to 
parallelism.2 

In this article, we compare control-flow and dataflow 
architectures, examine cache as it relates to both, and 
describe our research experiments in adding cache to 
Monsoon, an example of a pure dataflow system. 

Dataflow revisited 
Dataflow computation has received renewed attention 
lately, resulting from (1) a lack of developments in con- 
ventional parallel processing, and ( 2 )  a change in view- 
point on dataflow and its implementation (a shift from 
the exploitation of fine-grain to medium- and large- 
grain parallelism). To alleviate the inefficiencies asso- 
ciated with the pure dataflow model, designers have 
compromised, incorporating control-flow methods into 
the dataflow approach. 

In dataflow architectures, context switching can occur 
on a per-instruction basis, which tolerates long, unpre- 
dictable latencies due to remote memory accesses. The 
instruction-level context-switching capability combined 
with sequential scheduling yields what we call multi- 
threading. The evolution from a pure self-scheduling par- 
adigm to multithreading requires locality and improved 
processor efficiency during remote memory accesses. 
Current dataflow research indicates multithreading as a 
means to build hybrid architectures that combine fea- 
tures of dataflow and von Neumann execution models. 

Despite recent architectural advances that support 
fine-grain parallelism and latency tolerance, challenges 
such as thread scheduling still remain. Multithreading’s 
success depends on how quickly and efficiently context 
switching can be supported. This is possible only if 
threads are resident in fast but small memories-cache, 
which limits the number of active threads and thus the 
amount of latency that can be tolerated. (See “The util- 
ity of cache” sidebar.) Dataflow scheduling’s generality, 
however, makes it difficult to fetch and execute a logi- 
cally related thread sequence through the processor 
pipeline, which means registers can’t be used across 
thread boundaries. Relegating scheduling and storage- 
management responsibilities to the compiler alleviates 
this problem somewhat. In conventional architectures, 
reduced memory latencies are achieved through 
(explicit) programmable registers and (implicit) high- 
speed caches. Adding caches, or register-caches, to the 

dataflow framework could better exploit parallelism and 
hardware utilization. 

Dataflow architecture 
In the dataflow model, tokens carry data values and 
travel along the arcs connecting various instructions in 
the program graph. The  arcs are assumed to be FIFO 
queues of unbounded capacity. Impractical for direct 
implementatioq2 the dataflow execution model instead 
is either static or dynami~ .~  T o  date, researchers cate- 
gorize dataflow machine organizations as pure dataflow, 
macro dataflow, or hybrid2 (see “Dataflow system fea- 
tures” sidebar). The  major differences between pure 
dataflow and classical dynamic architectures are (1) the 
reversal of the instruction fetch unit and the matching 
unit, and (2) the introduction of frames to represent con- 
texts. These changes result primarily from a direct 
matching scheme to reduce the hardware overhead (see 
“Token matching” sidebar). 
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