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Abstract - -  A va r ie ty  of proposed architectures for data 
f low computers have been advanced. Evaluation of the 
prac t ica l  potent ia l  of these proposals is being studied 
through analysis and simulation, but these techniques 
cannot  be used to study a machine design in sufficient 
de ta i l  to make accurate predictions of performance. As a 
basis for extrapolat ing cost/performance of these 
arch i tec tures ,  and for developing a methodology for data 
f low program preparation, the construction of prototype 
machines is needed. In this paper we present our plan for 
real iz ing exper imenta l  data f low machines as packet 
communication systems using two types of hardware 
e lements :  a mlcroprogrammed processing element with 
provis ion for packet  transmission and .reception; and a 
rou te r  unit used to build networks to support packet 
communicat ion among processing elements. 

Introduction 

A va r ie ty  of physical structures for computers 
embodying the data f low concept have been proposed 10, 
end severa l  exper imental  machines have been built or are in 
const ruct ion4,5,10.  Which concepts of data flow computer 
organizat ion are ripe for development Into practically useful, 
w ide l y  appl icable computer systems? Two large areas of 
concern are: (1) will a proposed design achieve 
per formance a t t rac t i ve  in terms of cost? (2) How diff icult 
wi l l  It be to  prepare and tes t  programs for the proposed 
machines? 

Since data driven computers are radically dif ferent 
from convent ional  machines, we cannot predict the 
per formance that  a data flow machine will achieve by 
ana logy with or extrapolat ion from that of conventional 
computers.  Rather, we must determine, for any proposed 
appl icat ion,  what  program structure would be used and how 
fas t  the program wou ld  run on the hypothetical machine. 
Determining cost  Is also difficult, since in the absence of 
de ta i led  designs of subunits the best assignment of function 
to  subunlts is not obvious, and neither Is It clear which 
design choices can lead to the best use of LSI technology. 

Three approaches may be used to evaluate the 
per formance of fered by a proposed architecture: analysis, 
simulation, and construction. Analysis fails to give useful 
answers  where  a system or program is too complex or does 
not  have  a regular structure. Simulation can be used to 
s tudy  the speed or throughput of the subunits of which a 
machine is constructed, and small examples of hypothetical 
machine code may be run by programmed Interpretation of 
t he  machinets instruction set. However, simulation of a 
p rac t ica l  machine at  a suff icient level of detail to draw 
conclusions about its performance for a particular 
substant ia l  computation is well beyond the current power of 
simulat ion techniques. 

Construct ion of a prototype Is particularly at t ract ive 
for  a da ta  f low machine because most of the proposed 
a rch i tec tu res  scale easily: A small machine can be built 
which can be made more powerful by increasing the number 
o f  units In the machine without any change In their design; 
or the  technology used to construct the units can be 
changed so the whole system operates uniformly faster. In 
e i the r  case, the performance achieved by a prototype for a 
sca led -down application provides a practical basis for 
ex t rapo la t i ng  the performance to be expected from a 
la rge-sca le  machine In the application. 

In our data f low project  at MIT, we are using all three 
approaches to determining the performance potential of 
da ta  f low computers. The routing networks we have 
proposed for use in data f low systems have been studied 
through analysis 3 and simulation 13 to determine the 
re lat ionship of throughput and performance. Programs 
having a regular structure such as the fast Fourier 

t ransform 8 and a hydrodynamics simulation problem 2 have 
been stud ied by analysis of program structure In relation to 
hypo the t i ca l  computing systems. 

The sub jec t  of the present paper is the approach we 
have  adopted for building prototypes of proposed data flow 
computer  archi tectures.  In building prototype machines we 
wish to  ach ieve the following object ives, which Include 
answer ing questions of performance, but also include 
quest ions of  construction methodology, programmability, 
re l iab i l i ty  and cost: 
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Run data f low programs that have meaningful 
application. 

Develop a basis for extrapolating performance 
to large scale data flow machines. 

Develop and evaluate instruction set designs. 

Develop algorithms for code generation from 
high level languages. 

Determine functional specifications of units 
appropriate for LSI fabrlcaUon. 

Evaluate applicability of asynchronous, 
self- t imed logic design methodology. 

Study questions of correctness and testing of 
programs and hardware designs. 

Study requirements for and approaches to 
achieving fault tolerance. 
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Our f i rst  experimental prototype will be a realization 
of  the data f low processor S whose operation is most readily 
v isual ized In the form shown in Fig. 1. This processor is an 
example of packet communication architecture 7 In which 
many hardware units are connected by links through which 
information is sent as packets using a self-timed 
ready /acknowledge protocol. Here the packets ars 
operation packets of the form 

<opcode, operands, destinations) 

and result packets of the form 

(value, destination> 

The Act iv i ty Store of the machine consists of 
Instruct ion Cells which hold a stored representation of the 
data  f low program graph 6 to be executed. Result packets 
containing operand values arrive at Instruction Cells from 
the Distribution Network. Each Instruction Cell sends an 
operat ion packet  to the Operation Section when all 
operands have been received. The function of the 
Operat ion Section is to execute Instructions and to forward 
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Figure 2o Practical form of the data flow processor° 
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resu l t  packe ts  to target  instructions by way of the 
Distr ibut ion Network. 

The data f low machine of Fig. 1 Is Impractical if the 
Instruct ion Cells are fabr icated as individual physical units, 
s ince the number of devices and Interconnectlons would be 
enormous in a machine having thousands of Instruction Cells. 
A more a t t rac t i ve  structure is obtained if the Instruction 
Cells are grouped into blocks and each block realized as a 
single device.  Such an Instruction Cell Block has a single 
input port  for result  packets, and a single output port for 
opera t ion  packets.  Thus one Cell Block unit replaces many 
Instruct ion Cells together  with the associated portion of the 
Distr ibut ion Network. Moreover, to further reduce the 
number of  connect ions between Cell Blocks and other units, 
a by te -se r ia l  format for result and operation packets is 
used. 

The result ing structure Is shown In Fig. 2. Here, 
seve ra l  Cell Blocks form a section of the machine served by 
a group of shared functional units PI, '", Pk" The Arbitration 
Network  In each section of the machine passes each 
opera t ion  packet  to the appropriate functional unit 
according to  its operation code. The number of functional 
unit  t ypes  In such a machine Is likely to be small (four, for 
example) ,  or just  one universal functional unit type might be 
prov ided,  in which case the arbitration network becomes 
tr iv ia l .  

The Distribution and Arbitration Networks In Fig. 2 are 
.examples of packet routing networks 3,12,14 In general an 
N X N routing network accepts packets at N Input ports and 
t ransmi ts  each packet  at the output port specified by a 
ser ies  of  bits comprising a header or destination tag of the 
packe t .  

In a routing network for a data flow computer, the 
Important  propert ies are di f ferent from those of the 
c ross-bar  swi tch used In conventional multlprocessor 
systems.  There, a prompt response by a memory unit to an 
access  request  from a processor Is a necessity. In 
cont ras t ,  a packe t  routing network is one-way, and high 
throughput  Instead of small transit delay Is the Important 
des i red  property .  

Prototype Construction Scheme 

Many concepts for data f low computers are examples 
o f  packe t  communication architecture 5,g,10,1B~. At MIT we 
are developing an approach to building prototypes of these 
sys tems.  

The f i rst  prototype we plan to construct (Fig. 3) Is a 
simpl i f ied form of the data f low machine shown In Fig. 2. 
Here s 4 X 4 routing network is realized by means of four 
2 X 2 routing units, and each of the four Processing 
Elements (PE's) Implements a Cell Block unit and a complete 
s e t  of  funct ional units for the supported machine language. 
Thus each PE holds a group of act iv i ty templates 
( inst ruct ions together  with receivers for their operands), 
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Figure 3. First data flow machine prototype. 

r ece i ves  resul t  packets  from the routing network, executes 
Instruct ions as they  become enabled, sending result 
packe t s  to the routing network for distribution to specified 
PE's. This p ro to type may be expanded as desired by 
adding PE's and adding units to the routing network. 

Since the purpose of the prototype Is to serve as an 
engineering model to resolve design problems, to explore 
po ten t ia l  applications and to extrapolate performance 
prospects ,  f lex ib i l i ty  is more Important to us than speed of 
operat ion.  In particular, we do not know a "good" design for 
the  machine representat ion of data flow programs, nor do 
w e  know wha t  algorithms will ultimately be used for code 
genera t ion  by a data f low compiler. For these reasons, we 
have  chosen an approach to realization of the prototype 
tha t  avoids making any commitment to a particular (data 
f low)  machine language, or even to a specific division of the 
tasks  of  Instruction execut ion among different hardware 
uni t  types.  The 2 X 2 router unit performs such a basic 
funct ion tha t  a direct  realization of Its function will be used. 
The PE's are realized using a standard hardware unit 
contain ing a microprocessor together with program and data 
memory, which can be (micro) programmed to emulate any 
des i red  packe t  communication module. Our choice of 
designs for these two building blocks for prototype data 
f low machines are presented In the following sections. 

T h e  2 X 2 Rou te r  and ROuting N e t w o r k  Design 

An N X N routing network supports packet 
communicat ion be tween N source modules and N destination 
modules (which need not be distinct). The 2 X 2 router is a 
simple building block which can be used to construct 
c lasses of  routing networks with dif ferent topologies and 
opera t iona l  character ist ics. We first discuss the design and 
Implementat ion of the 2 X 2 router in more detail, and then 
i l lus t ra te  Its use in constructing two classes of routing 
ne tworks .  

A 2 X 2 router receives packets at its two Input 
por ts  and del ivers each received packet at one of two 
ou tpu t  por ts  according to a destination address carried by 



t he  packet .  Each packet  ts transmitted byte-serial ly 
b e t w e e n  modules. Packet bytes are delivered and received 
using an asynchronous packet  communication protocol. Each 
Intermodule connection consists of a bundle of data wires 
and a pair of control wires (Fig. 4). Packet communication Is 
synchron ized by sending control signals over the control 
wi res.  Avai labi l i ty of a new packet at a connection is 
s ignaled by sending a ready signal over the ready wire, Its 
rece ip t  by returning an acknowledge signal over the 
acknowledge  wire. To support variable length packets, 
p a c k e t  boundaries in a by te  stream are Indicated by adding 
a lastbyte bit to each 8-b i t  byte. The lastbyte bit Is on only 
for  the  last  by te  in each packet. 

A 2 X 2 router is designed so that packets to be 
fo rwarded  at  d i f ferent  output ports can be processed 
concur ren t ly  (Fig. 5). Such concurrency Is naturally 
suppor ted  by decomposing the router into two input modules 
( IM) and two output modules (OM) (Fig. 6). Each input 
module is a sequential  machine which examines the 
dest ina t ion  address in each input packet, makes an output 
reques t  to the specif ied output module and delivers the 
p a c k e t  by tes  when the request is granted. Each output 
module consists of a data multiplexer and an arbiter to 
reso lve  conf l icts be tween output requests. A logic design 
of  the  2 X 2 router module based on this modular structure 
has been completed. The asynchronous sequential circuits 
and arb i ters used In this design are constructed using $SI 
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Figure 6. Structure of a router module. 

components and discrete transistors. The data paths 
cons is t  of  MSI mult iplexers and SSI logic gates. 

We are also developing a custom LSI Implementation 
of  the  2 X 2 router since it is suff iciently well-specif ied, 
does not  have an exuberant  input/output pin requirement 
and wil l  be used in quantit ies in network constructions. It is 
a t t r a c t i v e  to organize this implementation as an 
In terconnect lon of self- t imed hardware elements to Improve 
the  to le rance for variat ions in physical properties caused by 
non-uni formit ies in manufacturing processes and to simplify 
t iming considerat ions in system integration and testing. An 
appropr ia te  logic design has been derived methodically from 
a behav iora l  specif icat ion of the router to faci l i tate 
ver i f i ca t ion  of functional correctness. The logic elements 
employed Include the usual repertoire of logic gates, Muller 
C-e lements ,  and 2-1nput/2-output arbiters. 

Building a N X N rectangular routing network using 
2 X 2 routers Is done by the recursive construction 
i l lus t ra ted in Fig. 7. Such a network has log 2 N stages each 
of  which contains N/2 reuters. The total  number of routers 
employed is (N/2)  log 2 N. The path length between each 
pair  of  source and receiver  modules grows uniformly as log 2 
N. All packe ts  sent  to a receiver module, independent of 
the i r  sources, have Identical destination tags. Routers in 
succeed ing stages In the network examine successive bits 
in a dest inat ion tag to forward the packet along the proper 
path.  

The N X N triangular routing network constructed as 
shown In Fig. 8 has rather di f ferent properties. The number 
o f  routers  In this network grows as 2N-3. The destination 
address  to be used in routing the packet through the 
ne two rk  and the path delay Incurred depend on both the 
source and the destination. Some processing elements are 
"c loser "  to  each other  In this network than to others and 
this prox imi ty  Is preserved as the network grows. 

We have included features In our 2 X 2 router 
designs to  fac i l i ta te  construction of these networks from 
Ident ica l  units. First, note that  if a destination address is no 
longer  than eight bits, and If each router uses the first bit 
arr iv ing on its DO Input to control packet switching, then 
co r rec t  routing by a rectangular network is accomplished by 
s imply permuting the data wires DO-  D7 cyclically In the 
in terconnect ion  of successive muter units. To 



accommodate destination addresses more than eight bits in 
length,  certa in routers may be "programmed" by 
permanent ly  assert ing a control Input which suppresses 
transmission of the f irst byte of each packet. In addition, 
w e  plan to  provide some buffering Of packets In our router 
chip since simulation has shown this to Improve throughput, 
and the chip area required is nominal. 

Path control in a routing network Is distributed among 
the  routers.  There is no centralized control mechanism 
whose  complex i ty  must grow with network size and which. 
may become a performance bottleneck. A rectangular or 
t r iangular  network Is capable of forwarding many packets 
concur rent ly  to provide a high throughput. The average 
path  length In both classes grows as log 2 N. These 

charac ter is t i cs  are appropriate for supporting highly 
concurrent  packet  systems. The triangular network favors 
local communication within a subtree, but programs must be 
su i tab ly  st ructured to exploi t  this potentially higher 
bandwidth.  A performance analysis for rectangular routing 
ne tworks  can be found in 3. 
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The Processing Element 

The Processing Element (PE) is a hardware module 
which can be used to emulate any packet communication 
module. The PE will be used to emulate a Cell Block unit and 
a se t  of functional units In the first prototype configuration 
(Fig. 3), and will later be used to emulate a var iety of 
p a c k e t  communication modules required by more 
soph is t i ca ted  data f low architectures. A typical prototype 
wil l  consist  of many PE's interconnected by one or more 
rout ing networks.  To function in this manner, the PE must 
have  two  key  characterist ics; the f lexibi l i ty to emulate a 
w ide  v a r i e t y  of packet  communication modules and a wide 
v a r i e t y  of a l ternat ive behaviors for each module, and the 
capab i l i t y  to send and receive packets In the byte-serial 
format  of  the 2 X 2 router. 
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The PE should have the f lexibi l i ty to perform a wide 
v a r i e t y  of tasks. Even in the first configuration the PE will 
perform both storage and arithmetic operations. Further, the 
e x a c t  speci f icat ions of the modules to be emulated by the' 
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Figure 8. A triangular network constructed out of 2 × 2 touters. 



PE have not ye t  been determined. Thus the PE should be a 
genera l  purpose machine that can be programmed to 
emulate a part icular packet  communication module. 

The PE should be capable of sending and receiving 
packe t  s. In all applications, the PE will be emulating s 
p a c k e t  communication module which processes packets in 
the  by te -ser ia l  format adopted for the 2 X 2 router. For 
many of  the modules, packet operations will represent a 
major  port ion of the work to be done. Thus the PE should be 
ta i lo red to these packet  processing operations. 

The performance of the PE should be consistent with 
the  in tended use of the prototype facil i ty to study the 
opera t ion  of  various data f low machines. In particular the 
PE should be capable of a level of performance which allows 
the  emulation of a data f low machine on the prototype to run 
much fas te r  than e sof tware simulation of that machine. 

The control of malfunctions due to design errors and 
hardware  faults in the PE is important. A problem in the 
p ro to t ype  fac i l i ty  may be caused by errors in any of the 
fol lowing: the hardware, a module emulation program, the 
design of the data f low machine being studied, or the data 
f low program being executed.  Thus it is important to be 
able to  readi ly  isolate and f ix  those problems caused by the 
hardware.  In particular, the PE should be carefully designed 
for ease of construction and verif ication of its correct 
operat ion.  In addition, the likelihood of a hardware fault 
during the operat ion of the PE should be minimized, and the 
PE should provide suff ic ient faci l i ty for easily diagnosing 
such a fault.  To support these goals we feel it Is important 
to  keep the PE structural ly simple. 

We have completed a design for the PE based on the 
requi rements outl ined above. The data paths of that design 
are shown in Fig. g. The design is basically a conventional 
microcomputer which has been extended to support the 
sending and receiving of packets. The overall approach of 
this design is based on the earlier work of Vlshnlac I ,:5. 

Bit-sl ice microprocessor chips were chosen for 
implementing the machine°s data paths rather than a single 
chip microprocessor, and a microsequencer with a wrltable 
contro l  s tore was chosen for the machine's control. This 
choice al lowed the machine's data paths to be tailored to 
our par t icu lar  packet  processing requirements. In addition, 
this approach promised significantly better performance 
both by the speed of the chips in the data paths, end the 
capab i l i t y  of  performing the emulation in mlcrocode. In 
comparison to the large number of memory and interface 
chips required by the PE the number of chips required to 
implement the data paths from bit-sl ice components is small. 
Thus the addit ional board space and development cost 
requ i red by the bit-sl ice components in comparison to a 
single chip microprocessor represented only a moderate 
Increase In the overal l  system cost. The primary long term 
cos t  of  the  bi t -s l ice design is the ef fort  required to program 
in a low leve l  micro language. However, since we Intend to 
deve lop  microcode for only a few modules at a time and 
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make e x t e n s i v e  use of each micro emulation program, the 
addi t ional  e f fo r t  necessary to program in mlcrocode seems 
to  be just i f ied by the additional performance that will be 
gained. We are present ly  implementing a microassembler 
and simulator for the machine as programmer aids for writing 
and debugging mlcrocode. 

A horizontal micro instruction format was chosen to 
inc rease the f lex ib i l i ty  of the machine. All important control 
l ines in the processor were mapped into separate bits 
resul t ing in e rich instruction set. This large Instruction set  

6 



al lows the  machine to achieve good performance on a wide 
v a r i e t y  of tasks. To further enhance the machine's 
f l ex ib i l i t y  we have chosen to use a 4K wrltable microstore 
which our studies Indicate Is sufficient for emulating even 
complex  modules. 

The PE has two sets of input and output ports 
capab le  of  receiving and sending packets In the byte-serial  
format  of the 2 X 2 router. We chose to make the packet 
por ts  ve r y  stra ight forward to achieve our desired goals of 
s impl ic i ty  and reliabil i ty. Input and output operations on 
these  ports ere done under control of the microprocessor, 
and the microprocessor can determine which operation to 
perform by examining the various port status bits. It should 
be noted that  the microprocessor Is a synchronous system. 
The Incoming asynchronous control signals, the acknowledge 
signal for each output port and the ready signal for each 
input port, must be synchronized to the microprocessor 
clock. To accomplish this each of these signals is strobed 
Into a separa te  f l ip-f lop at the beginning of each clock 
cyc le .  The outputs of these fl ip-flops are not used until the 
end of  the clock cycle. The length of the clock cycle and 
the  speed of the f l ip-f lops are such that the chance that a 
f l ip - f lop has not set t led by the end of a clock cycle Is much 
less tha t  the chance of some other hardware fault such as 
a chip fai lure. 

The input ports and output ports require a minimum of 
hardware.  Each output port contains a data buffer, a 
lastbyte fl ip flop, and supporting control logic. The 
microprocessor can in one Instruction load the data register 
and the  lastbyte flip flop. The loading of these registers 
se ts  up the signals on the data lines of the corresponding 
ou tpu t  connection, and causes a ready signal to be 
genera ted .  Once the acknowledge signal is received, the 
contro l  logic of the port clears the ready signal and sets the 
appropr ia te  port s tatus bits. An Input port contains a data 
bus dr iver  and control circuitry. The microprocessor can 
read da ta  from a particular Input connection by enabling the 
corresponding port 's bus driver. The reading of a port 
causes an acknowledge signal to be generated for the 
corresponding connection. The rest of the control cycle is 
handled by the control logic of the port In a manner similar to 
t ha t  descr ibed above for an output port. Other possible 
por t  designs which we examined Included ports with the 
capab i l i t y  to Interrupt the microprocessor and ports with the 
capab i l i t y  of doing direct memory access. While these other 
designs o f fe red  higher performance, they also required 
addi t ional  control circuitry st each port. Since simplicity and 
re l iab i l i ty  were  higher priorities than performance, we chose 
to  use the simpler status-or iented port design. 

The PE has been designed as a byte oriented 
machine in order to match the byte-serial  format of the 
packe t s  which It must process. For the majority of modules 
which the  PE will emulate, byte oriented input and output 
opera t ions  predominate over multiple byte arithmetic 
operat ions.  Thus the simplicity of the data p~ths and the 
micro Instruction set  obtained by supporting onry byte. 
opera t ions  was more Important than the pGcfc~ence in 
ar i thmet ic  operat ions lost by not supporting multiple byte 

opera t ions in hardware. 

The PE has been designed to interface with the bus 
of  an ex te rna l  supervisory minicomputer. The supervisor will 
be used to load programs and data into the PE, to control 
t he  operat ion of the PE, and to perform maintenance tests 
on the  PE. The interface gives the supervisor access to 
the  da ta  and micro Instruction memories of the PE. In 
addi t ion,  the Inter face gives the supervisor the capability to 
hal t  and single step the PE as well as directly access all 
t he  reg is ters  of the PE. The Interface has been designed to 
only respond to bus commands with a particular bus address 
(programmed by switches). This allows mapy PE's to be 
contro l led by a single supervisor machine. 

The f i rst  proposed application of the PE, emulation of 
a Cell Block unit and a set of functional units for the 
conf igurat ion of Fig. 3, has been studied In some detail by 
Feridun I 1 The proposed emulation progrcm consists of a 
superv isory  routine and subordinate routines for the Cell 
Block and functional units. First versions of the supervisory 
and Cell Block routines have been writt6n. The Cell Block 
program is capable of emulating 1000 Instruction cells In 
32K by tes  of data memory. Further, there seems to be no 
d i f f i cu l ty  in coding the additional routines required for this 
appl icat ion,  or in placing all of these routines In the 4K 
mlcrolnstruct lon store. 

Remarks 

In conclusion, a few remarks are in order. First, the 
reade r  may have observed that there will be a considerable 
per formance mismatch between the throughput of the router 
and the  packe t  processing rate of the PE. For the purpose 
of  our engineering prototype we accept this disparity as a 
pr ice for the f lex ib i l i ty  we desire. Once unit designs, such 
as for  a Cell Block module, have been checked by emulation 
using PE's, the way  is open to Investing in realizations 
(using PLA's or custom LSI, for example) having performance 
in b e t t e r  balance with the router module. 

An immediate problem is the choice of instruction set 
to  be emulated by the f irst prototype. We expect  to 
Implement a code generator that will produce machine code 
for  the  p ro to type  from programs writ ten in a suitable 

res t r ic t ion  of the VAL programming language 1. 

Another form of data flow machine we expect  to '  
s tudy  is the data f low multiprocessor 10, which appears to 
be wel l  sui ted to certain applications such as the 
Nav le r -S tokes  models of airf low of Interest to NASA. A more 
ambit ious ob jec t i ve  is to emulate a general purpose data 
f low machine g using routers, PE's and an additional module 
appropr ia te  for emulating a structure memory to hold 
program and date  base representations. 
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