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MODULE 6 

Multithreaded and data flow architectures - Latency hiding techniques, Principles of 

multithreading – Multithreading Issues and Solutions, Multiple context Processors, 

Finegrain Multicomputer- Fine-grain Parallelism. Dataflow and hybrid architecture 

 

 

SCALABLE, MULTI THREADED, AND DATAFLOW ARCHITECTURES 

Qn:Explain different latency hiding techniques /mechanisms? 

     (Ans:Describe sections  6.1.2,6.1.3, 6.1.5, 6.2.2.) 

 

6.1   LATENCY HIDING TECHNIQUES 

 

 Parallel and scalable systems typically use distributed shared memory. The access of remote memory 

significantly increases memory latency. 

 

 Furthermore, the processor speed has been increasing at a much faster rate than memory speed. 

 Thus any scalable multiprocessor may move to latency reducing methods. 

 

 Four latency hiding mechanisms are used to increase scalability and programmability. 

1. Using pre fetching techniques 

2. Using coherent caches 

3. Using relaxed memory consistency 

4. Using multiple context support 

(First 3 techniques explained in  section 6.1, 4th technique is given in section 6.2) 

 Using prefetching technique: which bring instruction or data close to the processor before they are 

actually needed. 

 Using coherent caches: supported by hardware to reduce caches misses. 

 Using relaxed memory consistency models: by allowing buffering and pipelining of memory 

references. 

 Using multiple context support: to allow a processor to switch from one context to another. 

 

6.1.1. Shared virtual memory 

 Single address space multiprocessors/multicomputer must use shared virtual memory. 
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 Here we are discussing such an architecture environment based on Stanford Dash 

experiment. 

The architecture Environment 

 The Dash architecture was a large-scale, cache-coherent, NUMA multi-processor system. 

 It consists of multiple multiprocessor clusters connected through a scalable, low-latency 

interconnection network. 

 Physical memory was distributed among the processing nodes in various clusters. 

 The distributed memory formed a global address space. 

 Cache coherence was maintained using an invalidating, distributed directory based 

protocol. 

 For each memory block, the directory kept track of remote nodes caching it. 

 When a write occurred, point to point messages were sent to invalidate remote copies of the 

block. 

 Acknowledgement messages were used to inform the originating node when an invalidation 

was completed. 

 Two levels of local cache were used per processing nodes. Loads and write were separated 

with the use of write-buffers for implementing weaker memory consistency models. 

 The main memory was shared by all processing nodes in the same cluster. 

 To facilitate pre fetching and the directory based coherence protocol, directory memory and remote-

access caches were used for each cluster. 

 The remote access caches were shared by all processors in the same cluster. 
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The SVM (Shared Virtual memory) concepts 

 Fig below (fig a) shows the structure of distributed shared memory. 

 It was first developed by Li. 

 A global virtual address space is shared among processors residing at larger number of loosely coupled 

processing nodes. 

 The coherent mappings of SVM on a message passing multicomputer architecture is shown below: fig b 

 The system uses virtual addresses instead of physical addresses for memory references. 

 The SVM address space is organized in pages which can be accessed by any node in the system. 

 A memory-mapping manager on each node views its local memory as a large cache of pages for its 

associated processor. 
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Fig: the concept of distributed shared memory with a global virtual address space shared among all processors 

on loosely coupled processing nodes in a massively parallel architecture. 

Page swapping 

 According to Li, pages that are marked read-only can have copies residing in the physical memories 

of the processor 

 A page currently being written may reside in only one local memory. 

 When a processor writes a page that is also on other processors, it must update the page  and then 

invalidate all copies on the other processors. 

 Li described page swapping as follows: 

 A memory reference causes a page fault when the page containing the memory location is not 

in a processors local memory. 

 When a page fault occurs, the memory manager retrieves the missing page from the memory 

of another processor. 

 If there is a page frame available on the receiving node the page is moved in.   

 Otherwise, the SVM system uses page replacement policies to find an available page frame, 

swapping its content to the sending node. 
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 A hardware memory management unit (MMU)can set the access rights  

–Nil 

–Read only 

–Writeable 

 As a result a memory access violating memory coherence will cause a page fault  

 

6.1.2  Pre fetching techniques 

 These involved both hardware and software approaches. 

      Pre fetching techniques 

 Pre fetching uses knowledge about the expected misses in a program to move the corresponding 

data close to the processor before it is actually needed. 

 Prefetching can be classified based on whether it is binding or non-binding, and whether it is 

controlled by hardware or software. 

 With binding prefetching, the value of a later reference (eg: register load)is bound at the time when 

the pre fetch complete. 

o Binding prefetching may result in a significant loss in performance since the value will 

become stale if another processor modifies the same location during the interval between 

prefetch and reference. 

  Non- binding prefetching also brings the data close to the processor, but the data remains visible 

to the cache coherence protocol and is thus kept consistent until the processor actually reads the 

value. 

 Hardware controlled prefetching includes long cache lines and instruction lookahead.The 

effectiveness of long cache lines is limited by the reduced spatial locality in multiprocessor 

applications, while instruction look ahead is limited by branches and the finite lookahead buffer size. 

 With Software controlled prefetching; explicit prefetch instructions are issued. Software control 

allows the prefetching to be done selectively and extends the possible bandwidth between prefetch 

issue and actual reference. 

 Disadvantage of software control:-extra instruction overhead required to generate the pre fetches. 

 we concentrate on nonbinding  software controlled prefetching. 

 

 Benefits of pre fetching 

The benefits of prefetching come from several sources: 
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 When a pre fetch is issued early enough in the code so that the line is already in the cache by the 

time it is referenced.  

 If multiple pre fetches are issued back to back to fetch the data structure, the latency of all but the 

first pre fetched reference can be hidden due to the pipelining of the memory accesses.   

 In multiprocessors that  use an ownership based cache coherence protocol, If a cache block line is 

to be modified, prefetching it directly with ownership can significantly reduce the write latencies 

and the ensuing network traffic for obtaining ownership. 

6.1.3  Distributed coherent caches 

 The coherence problem is easily solved for small bus-based multiprocessors through the use of 

snoopy cache coherence protocol. 

 The cache coherence problem is much complicated for  for large scale multiprocessors(eg. BBN 

butterfly, IBM RP3, Stanford Dash etc..) that use general interconnection networks. 

o BBN butterfly   ------Did not use caches 

o  IBM RP3          ------Maintain cache coherence by software 

o  Stanford Dash ----- Maintain cache coherence by hardware support                             

Benefits of caching: 

Coherent cahches helps to hide latency by increasing the cache hit ratio for read operations . 

When the cache miss occurs, the number of cycles are wasted. The benefit of using distributed 

caches is to reduce the cache miss. 

Figure below shows the effect of caching shared data in simulated dash benchmark experiments.  

 Here evaluated the benefits when both private and shared read-write data are cacheable 

(as in dash hardware coherent caches) versus the case where only private data are 

cacheable. 

 We can note that the execution time is reduced for the case where shared data is cached.. 
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Note:MP3, LU ,and PTHOR---Are benchmark programs for evaluating latency hiding mechanisms 

6.1.4. Scalable Coherence Interface 

 A scalable coherence interconnect. structure with low latency is needed to extend from, 

conventional bused backplanes to a fully duplex, point-to-point interface specification. 

 SCI supports unidirectional point-to-point connections, with two such links between each pair of 

nodes, packet based communication is used, with routing. 

 The cache coherence protocol used in SCI is directory –based. 

 A sharing list is used to chain the distributed directories together for reference purposes. 

SCI Interconnect models 

 SCI defines the interface between nodes and the  external interconnect 

 SCI configuration is shown below:- 
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Fig: SCI interconnection configuration 

 Each SCI node can be a processor with attached memory and I/O devices. 

 The SCI interconnect can assume a ring structure or a crossbar switch as depicted in Fig above 

 Each node has an input link and an output link which are connected from or to the SCI ring or 

crossbar. 

 The convertor is used to bridge the SCI ring to the VME bus as shown. 

 A mesh of rings can also be considered using some bridging modules. 

 By eliminating the snoopy cache controllers, the SCI is also less expensive per node. Its main 

advantage is low latency and scalability. 

Sharing list structures 

 Sharing list is used in SCI to build chained directories for  cache coherence use. 

 Sharing list are dynamically created, pruned and destroyed. 
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Fig: SCI cache coherence protocol with distributed directories 

 Each coherently cached block is entered onto a list of processors. 

 Processors have the option of bypassing the coherence protocols for locally cached data.  

  By distributing the directories among the sharing processors, SCI avoids scaling limitations 

imposed by using a central directory. 

  Communications among sharing processors are supported by heavily shared memory controllers, 

as shown in Fig. above 

 For every block address, the memory and cache entries have additional tag bits which are used to 

identify the first processor(head) in the sharing list and to link the previous and following nodes. 

 Doubly linked list are maintained between processors in the sharing list, with forward and backward 

pointers as shown by double arrows in each link. 

Sharing-list creation 

 The states of sharing list are defined by the state of the memory and state of list entries. 

 The sharing list entries specify  

o the location of the entry in a multiple –entry sharing list,  

o identify the only entry in the list,  

o or specify the entry’s cache properties, such as clean, dirty, valid or stale.  

 The head processor is always responsible for list management. 

 The stable and legal combination of the memory and entry states can specify uncached data, clean or 

dirty data at various locations, and cached writable or stale data. 
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 The memory is initially in the home state (uncached), and all cache copies are invalid. 

  Sharing-list creation begins at the cache where an entry is changed from an invalid to a pending 

state.  

 When a read-cache transaction is directed from a processor to the memory controller, the memory 

state is changed from uncached to cached and the requested data is returned. 

 The requester‘s cache entry state is then changed from a pending state to an only-clean state. Sharing-list 

creation is illustrated in Fig. a. above. 

  Multiple requests can be simultaneously generated, but they are processed sequentially by the memory 

controller. 

Sharing-list updates 

 For subsequent memory access, the memory state is cached, and the cache head of the sharing list 

has possibly dirty data. 

 In fig b,below, a new requester (cache A) first directs its read-cache transaction to memory but 

receives a pointer to cache B instead of the requested data. 

 

 A second cache-to-cache transaction, called prepend, is directed from cache A to cache B. 

 Cache B then sets its backward pointer to point to cache A and returns the requested data. 

B A 
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 The dashed lines correspond to transaction between a processor and memory or another processor. 

 The solid lines are sharing list pointers. 

 After the transaction, the inserted cache A becomes the new head, and the old head, cache B, is in 

the middle as shown in fig.above 

 Any sharing list entry may delete  itself from the list 

 The addition of new sharing list entries must be performed in first-in-first-out order in order to avoid 

potential deadlocking dependencies. 

  

6.1.5 Relaxed  memory consistency 

Qn:Compare the advantages and disadvantages of different memory consistency model.? 

There are four memory consistency models:- 

1. Sequential consistency(SC) 

2. Weak Consistency          (WC) 

3. Processor consistency(PC) 

4. Release consistency(RC) 

 

Processor consistency(PC) 

 Goodman introduced PC model 

 Here Writes issued by each individual processor are always in program order. 

 The order of writes from two different processors can be out of program order. 

 Two conditions required for ensuring processor consistency: 

 Before a read is allowed to perform with respect to any other processor, all previous 

read accesses must be performed. 

 Before a write is allowed to perform with respect to any other processor, all 

previous read or write accesses must be performed. 

Release consistency(RC) 

 It requires that synchronization accesses in the program be identified and classified as either 

acquires (eg:  locks) or releases (eg: unlocks). 

 An acquire is a read operation that gains permission to access a set of data 

 Release is a write operation that gives away such permission. 

 Three conditions to ensure release consistency: 



 CSA MOD 6 

12 
 

 Before a read or write operation on shared data is performed, all previous acquires 

done by the process must have completed successfully. 

 Before a release is allowed to be performed, all previous reads and writes by the 

process must have completed. 

 Special accesses are processor- consistent with one another. 

 Release consistency can be satisfied by  

o i )stalling the processor on an acquire access until it completes, 

o and ii) delaying the completion of release aeeess until all previous    memory accesses 

complete. 

Advantages(RC) 

o Have the potential for increased performance by hiding as much write latency as 

possible. 

Disadvantages(RC) 

o is increased hardware complexity and a more complex programming model. 

  Intuitive definitions of the four memory consistency models, the SC, WC, PC, and RC, are summarized 

in Fig. below:- 



 CSA MOD 6 

13 
 

  

Effect of release Consistency:-The execution time under RC is very much lowered that of  SC 
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6.2 PRINCIPLES OF MULTITHREADING 

Thread 

 Instruction stream with state (registers and memory) 

 Register state is also called “thread context”  

 Threads could be part of the same process (program) or from different programs 

 Threads in the same program share the same address space (shared memory 

model) 

 Traditionally, the processor keeps track of the context of a single thread 

 Multitasking: When a new thread needs to be executed, old thread’s context in hardware 

written back to memory and new thread’s context loaded 

 Many software packages that run on modern desktop PCs are multithreaded. 

 For example: 

A  word processor may have a thread for displaying graphics,  another  thread for 

responding to key strokes from  the user, and A third thread for performing spelling and 

grammar checking in the background 

 

6.2.1 Multithreading issues and solutions 

 Multi-threading demands that the processor be designed to handle multiple contexts 

simultaneously on context switching basis. 



 CSA MOD 6 

15 
 

 Below  specified the typical architecture environment using multiple-context 

processors. Next we present a rnullitltreaded computation model. 

Architecture Environment 

 One possible multithreaded MPP system is modeled by a network of processor (p) and memory (M).as 

shown below: 

 

 The distributed memories form a global address space. 

 Four machine parameters are defined below to analyze the performance of this network: 

1. The latency (L): This is the communication latency on a remote memory access. The value of L 

includes the network delays, and delays caused by contentions in split transactions. 

2. The number of threads (N): This is the number of threads that can be interleaved in each processor. 

A thread is represented by a context consisting of a program counter, a register set and the 

required context status words. 

3. The context switching overhead(C): This refers to the cycles lost in performing context switching 

in a processor. The time depends on the switch mechanism and the amount of processor states 

devoted to maintain active threads.  

4. The interval between switches (R): This refers to the cycles between switches triggered by remote 

reference. The inverse p=1/R is called the rate of requests for remote accesses. This reflects a 

combination of program behavior and memory system design. 

Multithreaded computations 
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 The computation starts with a sequential thread (1), followed by supervisory scheduling (2), where 

the processors begin threads of computation (3), by inter computer messages that updates 

variable among the node when the computer has a distributed memory(4), and finally 

by synchronization prior to beginning the next unit of parallel work (5). 

 The communication overhead period (4) inherent in distributed memory structures is usually distributed 

throughout the computation and is possibly completely overlapped. 

 Message-passing overhead (send and receive) in multi computers can be reduced by specialized 

hardware operating in parallel with computation. 

 Communication bandwidth limits granularity, since certain amount of data has to be transferred with 

other nodes in order to complete a computational grain. 

 Message passing calls(4) and synchronization (5) are nonproductive. 

 Fast mechanism to reduce or hide these delays is therefore needed. 

Qn: Describe the problem of asynchrony.?      

Problems of Asynchrony 

 Parallel processors operate asynchronously in a network environment. 

 The asynchrony triggers two fundamental latency problems:  

 remote loads and  

 synchronizing loads. 

These two problems are explained by the following example:- 

Latency problems for remote loads or synchronization loads 

1.The remote load situation is illustrated in fig:a 

 The key issue in remote load :- How to avoid idling in node N1 during load operations. 
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 Variables A and B are located on nodes N2 and N3,respectively. They need to be brought to node N1 to 

compute the difference A-B in variable C. The basic computation demands the execution of two remote 

loads and then the subtraction. 

 

Fig: Two common problems caused  by asynchrony and communication latency in massively parallel processors. 

 Let pA and pB be the pointers to A and B respectiely.The two loads can be issued from the same thread or 

from two threads. 

 The context(register state) of the computation on N1 is represented by the variable CTXT. 

 It can be a stack pointer, a frame pointer, a current object pointer , a process identifier etc. In general, 

variable names like vA,vB and c are interpreted relative to CTXT. 

 

1. In fig.b, the idling due to synchronizing loads is illustrated. 

 In this case , A and B are computed by concurrent processes, and we are not  sure exactly when they will be 

ready for node N1 to read. 

 The ready signals (Ready1 and Ready2) may reach node N1 asynchronusly.This is a typical situation in the 

producer-consumer problem.Busy-waiting may result. 

The latency caused by remote loads is an architectural property.The latency caused by synchronizing loads 

also depends on scheduling and the time it takes to compute A and B. which may be much longer than the 

transit latency.  

The synchronization latency is often unpredictable, while the remote-load latencies are oflen predictable. 
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Two solutions to overcome asynchrony problem:- 

1. Multithreading solutions 

 The solution to asynchrony problems is to multiplex among many threads: when one thread issues a 

remote load request, the processor begins work on another thread, and so on.  

 The cost of thread switching should be much smaller than that of the latency of the remote load, or 

else the processor might as well wait for the remote load’s response.  

 As the inter node latency increases, more threads are needed to hide it effectively. 

 Another concern is to make sure that message carry continuations. Suppose after issuing 

a remote load from threads T1, we switch to thread T2, which also issue a remote load. The response 

may not return in the same order. This may be caused by requests travelling different distances, through 

varying degrees of congestion, to destination nodes whose loads differ greatly, etc. 

One way to cope with the problem is to associate each remote load and response with an identifier for the 

appropriate thread, so that it can be re-enabled on the arrival of a response. These thread identifiers are 

referred to as continuations on messages. A large continuation name space should be provided to name an 

adequate number of threads waiting for remote responses. 

 

 
 

2. Distributed caching 

The concept of distributed caching is shown below: 

 Every memory location has an owner node 
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 Eg: N1 owns B and N2 owns A. 

 The directories are used to contain import-export list and state whether the data is shared(for reads, 

many caches may hold copies) or exclusive (for writes, one cache holds the current value) 

 The directories multiplex among a small number of contexts to cover the cache loading effects. 

 Distributed caching offers a solution for the remote-loads problem, but not for the synchronizing –

loads problem. 

 Multithreading offers a solution for remote loads and possibly for synchronizing loads. The two 

approaches can be combined to solve both types of remote access problem. 

 

6.2.2.Multiple context processors. 

 Multithreaded systems are constructed with multiple-context processors. 

 Processor efficiency issue will discuss as a function of memory latency (L),the number of contexts 

(N),and context switching overhead(C). 

Enhanced Processor Model 
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 A conventional single-thread processor will wait during a remote reference, so we may say it is 

idle for a period of time L. 

 A multithreaded processor will suspend the current context and switch to another, so after 

some fixed number of cycles it will again be busy doing useful work, even though the remote 

reference is outstanding. Only if the entire context is suspended will the processor be idle. 

Here the objective is to maximize the fraction of time that the processor is busy.  

Efficiency of the processor is the performance index ,given by, 

Efficiency = busy/(busy+switching+Idle) 

 

 Where busy, switching, and Idle represent the amount of time, measured over some 

large interval 

o The basic idea behind a multithreaded machine is to interleave the execution of 

several contexts in order to dramatically reduce the value of  idle. but without 

overly increasing the magnitude of.switching. 

 The state of a processor is determined by the disposition of the various contexts on the 

processor. 

o During its lifetime, a context cycles through the following states: ready, 

running, leaving, and blocked. 

o A processor is busy if there is a context in the running state. 

o It is switching while making the transition from one context to another. i.e 

when a context is leaving. 

o If all contexts are blocked and we say the processor is idle. 

o A running context keeps the processor busy until it issues an operation that 

requires a context switch. 

o The context then spends C cycles in the leaving state, then goes into the 

blocked state for L cycles, and finally reenters the ready state. Eventually the 

processor will choose it and the cycle will start again. 

 The abstract model shown in fig below assumes one thread per context, and each context is represented by 

its own program counter (PC), register set, and process status word (PSW). 
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Example:A multithreaded processor with three threads slots.(N=3) 

The processor in figure below, provided with several instruction queue unit and decode unit pairs, called 

thread slots. 

Each thread slot, associated with a program counter, makes up a logical processor. 

Instruction fetch unit and all functional units are physically shared among logical processors. 
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Fig: Multiple-context processor model and an example design 

 An instruction queue unit has a buffer which saves some instructions succeeding the instruction indicated 

by the program counter. 

 The buffer size needs to be at least B=N*C words,  

 where N is the number of thread slots and C is the number of cycles required to access the 

instruction cache. 

 An instruction fetch unit fetches at most B instruction for one thread every C cycle from the instruction cache 

and attempts to fill the buffers in the instruction queue unit. This fetching operation is done in an interleaved 

fashion for multiple threads. So, on the average, the buffer in one instruction queue unit is filled once in B 

cycles. 

 When one of the threads encounters a branch instruction, however, that thread can preempt the prefetching 

operation. The instruction cache and fetch unit might become a bottleneck for a processor with many thread 

slots. In such cases, a bigger and/or faster cache and another fetch unit would be needed. 
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Qn.Describe the various context switching policies used in multithreaded processor 

architectures? 

       

Context-Switching policies 

Different multithreaded architectures are distinguished by the context switching policies adopted. 

 

1) Switch on cache miss- This policy corresponds to the case where a context is preempted when it causes 

a cache miss. In this case, R (interval between switches)is taken to be the average interval between 

misses, and L the time required to satisfy the miss. 

2) Switch on every load- This policy allows switching on every load, independent of whether it will 

cause a miss or not. In this case, R represents the average interval between loads. A general 

multithreading model assumes that a context is blocked for L cycles after every switch. But in the case 

of a switch-on-load processor, this happens only if the load causes a cache miss. 

3) Switch on every instruction- This policy allows switching on every instruction, independent of whether 

it is a load or not. 

o ln other words, it interleaves the instructions from different threads on a cycle-by-cycle basis. 

Successive instructions become independent, which will benefit pipelined exeution. However, 

the cache miss may increasc due to breaking of locality. 

 

4) Switch on block of instruction- Blocks of instructions from different threads are interleaved. This will 

improve the cache-hit ratio due to locality. 

Processor efficiencies: 

A single-thread processor executes a context until a remote reference is issued (R cycles) and then is idle 

until the reference completes (L cycles). 

There is no context switch and obviously no switch overhead. 

We can model this behavior as an alternating renewal process having a cycle of R+L. R and L corresponds to 

the amount of time during a cycle that the processor is busy and idle, respectively. 

Efficiency of a single-threaded machine is given by, 
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The equation shows performance degradation of such a processor in a parallel system with large memory 

latency. 

With multiple contexts, memory latency can be hidden by switching to a new context, but we assume that 

the switch takes C cycles of overhead. Assuming the run length between switches is constant with a sufficient 

number of contexts, there is always a context ready to execute when a switch occurs, so the processor is never 

idle. 

The processor efficiency is analyzed below under two different conditions as illustrated below:- 

 

 

  Fig: Context switching and processor efficiency as a function of the number of contexts. 

1) Saturation region:-In this saturated region , the processor operates with maximum utilization. The 

cycle of the renewal process in this case is R+C, and the efficiency is simply 
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Ie. the efficiency in saturation is independent of the latency and also does not change with a further increase 

in the number of contexts. 

2) Liner region-When the number of contexts is below the saturation point, there may be no context after a 

context switch, so the processor will experience idle cycles.The time required to switch to a ready 

context, execute it until a remote reference is issued, and process the reference is equal to R+C+L. 

Assuming N is below the saturation point, during this time all the other contexts have a turn in the 

processor. 

Efficiency is given by :- 

 

Ie… the efficiency increases linearly with the number of contexts until the saturation point is reached 

and beyond that remains constant. 

6.3 FINE-GRAIN MULTICOMPUTERS 

 

Qn:Write a note on fine grain multicomputer. 

Qn:Difference between fine,medium and coarse grain machines 

 

 Traditionally, shared-memory multiproccssors like the Cray Y-MP were used to perform coarse-grain 

computations in which each processor executed programs having tasks of a few seconds or longer. 

  Message-passing multicomputer are used to execute medium-grain programs with approximately 10-ms 

task size as in the iPSC/1. 

 In order to build It-MPP (Massive Parallel Processing) systems, we may have to explore a higher 

degree of parallelism by making the task grain size even smaller.  

 Fine-grain parallelism was utilized in SIMD or data-parallel computers like the CM-2 or on the message 

driven J-Machine and Mosaic C . 

  Fine-Grain Parallelism  

Qn: Explain fine grain parallelism. 

We compare below the grain sizes, communication latencies, and concurrency in four classes of parallel 

computers. This comparison leads to the rationales for developing fine-grain multicomputers. 

 Latency Analysis 
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 The computing granularity and communication latency of leading early examples of multiproccssors, data-

parallel computers, and medium-and fine-grain multicomputers are summarized in Table. Four attributes are 

identified to characterize these machines. Only typical values are shown 

 The communication latency: measures the data or message transfer time on a system interconnect. 

This corresponds to the shared-memory access time on the Cray Y-MP, the time required to send a 32-

bit value across the hypercube network in the CM-2. and the network latency on the iPSC/1 or J-

Machine.  

 The synchronization overhead : is the processing time required on a processor, or on a PE, or on a 

processing node of a multicomputer for the purpose of synchron ization. 

o The sum Tc + Ts  gives the total time required For IPC.  

o The shared-memory Cray Y-MP had a short Tc  but a long Ts. The SIMD machine CM-2 had 

a short Ts  but a long  Tc. The long latency of the iPSC/1 made it unattractive based on fast 

advancing standards. The MIT J-Machine was designed to make a major improvement in both of 

these communication delays. 

 The grain size is measured by the execution time of a typical program, including both computing time 

and communication  time involved. Supercomputers handle large grain. Both the CM-2 and the J-

Machine were designed as fine-grain machines. The iPSC/1 I was a relatively medium-grain machine 

compared with the rest.  

Large grain implies lower concurrency or a lower DOP  (degree of parallelism).  

Fine grain leads to a much higher DOP and also to higher communication overhead.  

SIMD machines used hardwired synchronization and massive parallelism to overcome the problems of long 

network latency and slow processor speed. Fine-grain muliticomputers , like the J-Machine and  Caltech 

Mosaic, were designed to lower both the grain size and the communication  overhead compared to those of 

traditional multicomputer. 

 

Qn: Explain any finegrain machine –MIT J machine , Caltech Mosiac . 
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The MIT J-Machine 

 The architecture and building block of the MIT-J machine, its instruction set, and system design considerations 

are described below. 

The building block was the message driven process(MDP),a36-bit microprocessor custom-designed for a 

line-grain multicomputer. 

 J –Machine Architecture 

 The k-array n-cube networks were applied in the MIT J-Machine. 

  The initial prototype  J-Machine used a I024-node  network (8 *8*16), which was a reduced 16-ary 3-

cube with 8 nodes along the x- and y-dimensions and 16 nodes along the z dimension.  

 A 4096-node J-Machine would use a full l6-ary 3-cube with 16 *16 * 16 nodes. The J-Machine 

designers called their network a three diamensional mesh.  

Network addressing limited the size of the J-Machine to a maximum configuration maximum configuration of  

65,5315 nodes, corresponding to a three-dimensional mesh with 32*32* 64 nodes. All hidden parts (nodes and 

links)are not shown for purposes of clarity. Clearly, every node has a constant node degree of 6,and there are 

three rings crossing each node along the three dimensions. The end-around connection scan be folded  to 

balance the wire length on all channels. 

The MDP Design  

 

The MDP chip include a processor, a 4096-word by36-bit memory and build in router with network ports. An 

on-chip memory  controller with error checking and correction [EEC] capability permitted local memory to be 

expanded to 1 million words by adding external DRAM chips. The processor was message-driven in the sense 

that it executed functions in response to message via the dispatch mechanism. No receive instruction was 

needed. 
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 The MDP created a task to handle each arriving message. Messages carrying these tasks drove each 

computation.  

 MDP was  a general –purpose multicomputer processing node that provided the communication, 

synchronization, and global naming mechanisms required to efficiently support line-grain, concurrent 

programming models. 

 The grain size was as small as 8-word objects or 20-instruction tasks.  

 Fne-grain programs typically execute from 10 t0 100 instructions between communication and 

synchronization actions. 

 MDP chips provided inexpensive processing nodes with plentiful VLSI commodity parts to construct 

the Jellybean Machine (J-Machine) multicomputer.  

  The MDP appeared as a component with a memory port, six two-way network ports, and a 

diagnostic port.  

 The memory port provided a direct interface to up to IM words of ECC DRAM, consisting of 11  

multiplexed address lines, a 12-bit data bus, and 3control signals.  
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 The network ports connected MDPs together in a three-dimensional mesh network. Each of the  ports 

corresponded to one of the six cardinal directions(+x,-x,+y, -y, +z, -z) and consist of nine data and six 

control lines. Each port connected directly to the opposite port on an adjacent MDP. 

  The diagnostic port could issue supervisory commands and read and write MDP memory from a 

console processor (host). Using this port, a host could read or write at any location in the MDP‘s address 

space, as well as reset, interrupt, halt, or single-step the processor.  

 The chip included a conventional microprocessor with pre fetch, control, register file and ALU [RALU], and 

memory blocks. The network communication subsystem comprised the routers and network input and output 

interfaces. The arithmetic unit(ALU)  provided addressing functions. The MDP also included a DRAM 

interface, control clock, and diagnostic interface. 

 Instruction-Set Architecture  

 The MDP extended a conventional microprocessor instruction-set architecture with instructions to 

support parallel processing.  

 The instruction  set contained  fixed-fomat, three address instructions.  

 Two 17-bit instructions fit into each 36-bit word with 2 bits reserved for type checking.  

 Separate register sets were provided to support rapid switching among three execution levels: 

background, priority 0(P0), and  priority 1(Pl). 

  The MDP executed at the background level while no message created a task, and initiated execution 

upon message arrival at P0 or   Pl  level depending on the message priority.  

  P1 level had higher priority than P0 level. 

  The register set a each priority level included four GPRs. four address registers, four   ID registers, 

and one instruction  pointer (IP). The ID registers were not used in the background register set. 

Communication Support  

 The MDP provided hardware support for end-to-end  message delivery including formatting, 

injection, delivery, buffer allocation, buffering, and task scheduling. 

 All MDP transmitted a message using a series of SEND instructions, each of which injected one or two 

words into the network at either priority 0or l.  

Consider the following MDP assembly code for sending a four-word message using three variants of the SEND 

instruction.  

 SEND          R0,0                      ; send net address(priority0)  

 SEND2        R1,R2,0                ; header and receiver(priority0)  

SEND2E        R3,[3,A3],0         ; select or and continuation end message(priority 0) 

 

 The first SEND instruction reads the absolute address of the destination node in <X, Y, Z>  format from 

R0 and forwards it other network hardware.  

 The SEND2 instruction reads the first two words of the message out of registers R1 and R2 and 

enqueues them for transmission.  
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 The final  instruction enqueues two additional words of data, one from R3 and one from memory.  

 The use of the SEND2E instruction marks the end of the message and causes it to be transmitted into the 

network. 

 The  J-Machine was a three-dimensional mesh with two-way channels, dimension-order routing. and 

blocking flow control . 

Message  Format and Routing 

 The J-Machine used deterministic diamension-order E-cube routing. 

 As shown in Fig. all messages routed first in the x-dimension, then in the y-dimension, and then in the 

z-dimension.  

 Since messages routed in dimension order and messages running in opposite directions along the same 

dimension cannot  block ,resource cycles were thus avoided, making the network probably deadlock 

free. 

 

 

 A typical message in the MITJ-Machine (VV. Dally etal,199I) 

 The following message consists of nine flits. The first three flits of the message contain the x-, y-. 

and z- addresses. 

  Each node along the path compares the address in the head flit of the message.  

 If the two indices match, the node routes the rest to the next dimension. The final flit in the message 

is marked as the tail. 
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 The MDP supported a broad range of parallel programming models including shared memory, data 

parallel, data flow, actor, and explicit message passing,by providing a low-overhead primitive 

mechanism for communication, synchronization, and naming. 

 lts communication mechanisms permitted a user-level task on one node to send a message to any other 

node in a 4096-node machine in less than 2 micro second. 

 This process did not consume any processing resources on intermediate nodes, and it automatically 

allocated buffer memory on the receiving node. 

 On message arrival, the receiving node created and dispatched a task in less than l micro second. 

 Presence tags provided synchronization on all storage locations. Three separate register sets allowed fast 

context switching.  

 A translation mechanism maintained bindings between arbitrary names and values and supported a 

global virtual address space.  

 The J-Machine used wormhole routing and blocking  flow control. A combining-tree approach was used 

for synchronization. 

The Router Design  

 The routers formed the switches in a J-Machine network and delivered messages to their destinations.  

 The MDP contained three independent routers. 

 Each router contained two separate virtual networks with different priorities that shared the same 

physical channels. 

 The priority-l network could preempt the wires even if the priority-0 network was congested or jammed. 

 Each of the 18 router  paths Contained buffers. comparators, and output arbitration.  

 On each data path, a comparator compared the lead flit, which contained the destination address in that 

dimension, to the node coordinate. If the head flit did not match, the message continued in the current 
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direction. Otherwise the message was routed to the next dimension. 

 

 

 A message entering the dimension competed with messages continuing in the dimension at a two-to one 

switch. Once a message was granted this switch, all other input was locked out for the duration of the 

message. Once the head flit of the message had set up the route, subsequent flits followed directly 

behind it 

Synchronization  

The MDP synchronized using message dispatch and presence tags on all states. Because each message arrival 

dispatched a process, messages could signal events on remote nodes. For example, in the following combining-

tree example, each COMBINE message signals its own arrival and initiates the COMBINE routine. 

 In response to an arriving message, the processor may set presence tags for task synchronization. For example, 

access to the value produced by the combining tree may be synchronized  by initially tagging as empty the 

location that will hold this value. An attempt to read this location before the combining tree has written it will 

raise an exception and suspend the reading task until the root of the tree writes the value. 

 

Using a combining tree for synchronization of events (VV. Dally etal,1992)  

 

A combining tree is shown in Fig. This tree sums results produced by a distributed computation. Each node 

sums the input values as they arrive and then passes a result message to its parent. 
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A pair of SEND instructions was used to send the COMBINE message to anode. Upon message arrival, the 

MDP buffered the message and created a task to execute the following COMBINE routine written in MDP 

assembly code: 

 

 

If the node was idle execution of this routine began three cycles after message arrival. The routine loaded the 

combining-node pointer and value from the message, performed the required add and decrement, and, if Count 

reached zero, sent a message to its parent. 

Research  Issue 

 The J-Machine was an exploratory research project. Rather than being specialized for a single model of 

computation, the MDP incorporated primitive mechanisms for efficient communication, synchronization and 

naming. The machine was used as a platform for software experiments in fine-grain parallel programming.  

Reducing the grain size of a program increases both the potential speedup due to parallel execution and the 

potential overhead associated with parallelism. Special hardware mechanisms for reducing the overhead due to 
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communication process switching, synchronization, and multi-threading were therefore central to the design of 

the MDP. Software issues such as load balancing, scheduling, and locality also remained open questions. 

 The MIT research group led by Dally implemented two languages on the J-Machine: the actor language 

Concurrent Small talk and the data flow language Id. The machine's mechanism also supported dataflow and 

object-oriented programming models using a global name space. The use of a few simple mechanisms provided 

orders of magnitude lower communication and synchronization overhead than was possible with 

multicomputers built from then available off-the-shelf microprocessors. 

The Caltech Mosaic C  

The Caltech Mosaic C was an experimental fine-grain multicomputer that employed single-chip nodes and 

advanced packaging technology to demonstrate the performance /cost advantages of line-grain multicomputer 

architecture.  

From Cosmic Cube to Mosaic C 

 The evolution from the Cosmic Cube to the Mosaic is an in which advances in technology are employed 

to reimplement nodes of a similar logical complexity but which are faster and smaller, have lower 

power, and are less expensive.  

 The progress in  microelectronics over the preceding decade was such that Mosaic nodes were 

approximately 60 times faster, used approax 20 times less power, were approax. 100 times smaller. 

And were (in constant dollars)  approax 25 times less expensive to manufacture than Cosmic Cube 

nodes. 

 

 Mosaic C Node 

 The Mosaic C multicomputer node was a single9.25 mm*10.00 mm chip fabricated in a l.2-microm-

feature-size, two-level-metal CMDS process. 
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  At 5-V operation, the synchronous parts of the chip operated with large margins at a 30-MHz clock 

rate, and the chip dissipated= 0.5W.  

 The processor also included two program counters and two sets of general-purpose registers to allow 

zero-time context switching between user programs and message handling.  

 Thus, when the packet interface received a complete packet, received the header of a packet, completed 

the sending of a packet, exhausted the allocated space for receiving packets or any of several other 

events that could be selected, it could interrupt the processor by switching it instantly to the  message-

handling context. Instead of several hundred instructions for handling a packet, the Mosaic typically 

required only about 10 instructions.  

Mosaic C 8x8  Mesh Board 

 The choice of a two-dimensional mesh for the Mosaic was based on a 1989 engineering analysis.  

 Originally, a three-dimensional mesh network was planned. 

 But the mutual fit of the two-dimensional mesh network and the circuit board medium provided high 

packaging density and allowed the high-speed signals between the routers to be conveyed on shorter 

wires.  

 Sixty-four Mosaic chips were packaged by tape- automated bonding (TAB) in an 8 x 8  array  on a 

circuit  board.  

 These boards allowed the construction of arbitrarily large, two-dimensional arrays of nodes using 

stacking connectors.  

 This style of packaging was meant to demonstrate some of the density, scaling, and testing advantages  

of mesh-connected systems.  

 Host-interface boards were also used to connect the Mosaic arrays and workstations.  

Application and Future Trend 

 Charles Seitz determined that the most profitable niche and scaling track for the multicomputer, a highly 

scalable and economical MIMD architecture was the fine-grain multicomputer. The Mosaic C demonstrated 

many of the advantages of this architecture, but the major part of the Mosaic experiment was to explore the 

programmability and application span of this class of machine. 

 The Mosaic may be taken as the origin of two scaling tracks: 

 (1)Single-chip nodes are a technologically attractive point in the design space of multicomputers. Constant-

node-size scaling results in single-chip nodes of increasing memory size, processing capability, and 

communication bandwidth in larger systems than centralized shared-memory multiprocessors. 

 (2) lt was also forecasts that constant-node-complexity scaling would allow a Mosaic 8 *8 board to be 

implemented as a single chip, with about 20 times the performance per node, within 10 years.  
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6.4 DATAFLOW AND HYBRID ARCHITECTURES 

 Multithreaded architectures can in theory be designed with a pure dataflow approach or with a hybrid approach 

combining von Neumann  and  data driven mechanisms.  

6.4.1The Evolution of Dataflow Computers 

Dataflow computers have the potential for exploiting all the parallelism available in  a program. Since execution 

is driven only by the availability of operands  at   the  inputs  to  its   functional units, there is no need for a 

program counter in this architecture, and its parallelism is limited only by the actual data dependences in the 

application program. While the dataflow concept offers the potential of high performance, the performance of 

an actual dataflow implementation can be restricted by a limited number of functional units, limited memory 

bandwidth, and the need to associatively match pending operations with available functional units.  

 Arvind and Iannucci   identified memory latency and synchronization overhead are two fundamental   issues in 

multiprocessing. Scalable multiprocessors   must  address the loss in processor efficiency in these cases. Using 

various latency-hiding mechanisms and multiple contexts per processor can make the conventional von 

Neumann   architecture relatively expensive to implement, and only certain types of parallelism can be 

exploited efficiently. 

HEP/ Tera computers offered an evolutionary step beyond the von Neumann architectures. Dataflow 

architectures represent a radical alternative to von Neumann architectures because they use dataflow graphs as 

their machine languages. Dataflow graphs, as opposed to conventional machine languages. Dataflow graphs , as 

opposed to conventional machine language , specify only a partial order for the execution of instructions and 

thus provide opportunities for parallel and pipelined execution at the level of individual instructions.  

Dataflow Graphs  

We have seen a dataflow graph in Fig. 2.13. Dataflow graphs can be used as a machine language in dataflow 

computers. Another example of a dataflow graph (Fig. 9.3la) is given below. 

Example   

The dataflow  graph for the calculation of  cosx 

This dataflow graph shows how to obtain an approximation of cos x by the following  power  series 

computation . 

 

 The corresponding dataflow graph consists of nine operators (actors or nodes). The edges in the graph 

interconnect   the operator nodes. The  successive powers of x are obtained by repeated  multiplications. The   

constants (divisors) are fed  into the  nodes  directly. All intermediate   results are forwarded among the nodes. 
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Static  versus  Dynamic Dataflow 

 Static dataflow computers  

 Static data flow computers simply disallow more than one token to reside on any one arc, which is 

enforced by the firing rule. 

 A node is enabled as soon as tokens are present on all input arcs and there is no token on any of  its 

output  arcs. 

 Jack Dennis proposed the very first static dataflow computer in 1974.  

 The static firing rule is difficult to implement in hardware. 

 Special feedback acknowledge   signals  are needed to secure the correct token passing between 

producing nodes and consuming nodes.  

 Also, the static rule makes it very inefficient to process arrays of data. The number of acknowledge 

signals can grow too fast to be supported by hardware. 

  Dynamic dataflow computers 

 In dynamic dataflow computers each data token is tagged with a contest descriptor, called a tagged 

token. The firing rule of tagged token dataflow is changed to: A node is enabled as soon as tokens with 

identical tags are present at each of its input arcs. 

 With  tagged  tokens, tag matching becomes necessary. Special hardware mechanisms are needed to 

achieve this. In the rest of this section, we discuss only dynamic dataflow computers. 
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  Arvind   of  MIT pioneered the development of tagged token architecture for dynamic dataflow 

computers.  

Although data dependence does exist in dataflow graphs, it does not force unnecessary  sequentialization , and 

dataflow computers schedule instructions according to the  availability of the operands. Conceptually token 

carrying values flow along the edges of the graph. Values or tokens may be  memory locations. Each instruction 

waits for tokens on all inputs, consumes input tokens, computes output values based on input values, and 

produces tokens on outputs. No further restriction on instruction ordering is imposed. No side effects are 

produced with the execution of instructions in a dataflow computer. Both  dataflow graphs and machines 

implement only functional languages.  

Pure Dataflow Machines  

Figure 9.31b: shows the evolution of dataflow computers. 

 The MIT tagged  token dataflow  architecture (TTDA) (Arvind et al, 1983), the Manchester 

Dataflow Computer (Gurd and Watson, 1982), and the ETL Sigma-1(Hiraki and Shimada, 1987) 

were all pure dataflow computers. 

 

 The TTDA was simulated but never built. The  Manchester  machine was actually built and became 

operational in mid-1982  

 

 The ETL Sigma-1 was developed at the  Electrotechnical  Laboratory, Tsukuba,Japan. It consisted of 

128 PEs fully synchronous with a 10 MHz  clock. lt implemented the I-structure memory proposed by 

Arvind. The full configuration became operational in I987 and achieved a I70-Mflops performance. The 

major problem in using the Sigma-l was lack of high level language for users. 

 Explicit Token Store Machine:  

 These were successors to the pure dataflow machines. The basic idea is to eliminate associative token 

matching. The waiting token memory is directly addressed, with the use of Full/ empty bits. This idea 

was used in the MIT/Motorola  Monsoon and in the ETL EM-4 system . 

 

 Multithreading was supported in Monsoon using multiple register sets. Thread-based programming was 

conceptually introduced in Monsoon. The maximum configuration built consisted of eight processors 

and eight I-structure  memory modules using an 8*8 crossbar network. lt  became operational in I991. 

 

 

 EM-4 was an extension of the Sigma-1. It was designed for 1024 nodes, but only an 80-node prototype 

became operational in 1990. The prototype achieved 815 MIPS in an 80 X80 matrix  multiplication 

benchmark.  

 Hybrid and Unified architectures  

 These are architectures  combining positive features from the Von Neumann and dataflow architectures. 

The  best research examples include the MIT P-RISC, the IBM Empire and the MIT/Motorola *T .  
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 P-RISC was a “RISC-field   dataflow architecture. It allowed tighter encodings of the dataflow graphs 

and produced longer threads for better performance. This was achieved by splitting “complex“  dataflow  

instructions into separate "simple" component instructions that could be composed by the compiler. lt 

used traditional instruction sequencing. It performed all intraprocessor  communication via memory and 

implemented “joins” explicitly using memory locations. 

 P-RISC replaced some of the dataflow synchronization with conventional program counter-based 

synchronization. IBM Empire was a von Neumann dataflow hybrid architecture under development at 

IBM based on the thesis of lannucci . The *T was a latter effort at MIT joining both the dataflow and 

von Neumann ideas, to be discussed in  following Section The Mit/ Motorola *T Prototype.   

 

6.4.2 ETL/EM-4 in Japan 

 EM-4 had the overall system organization as shown in Fig. 9.32a. Each EMC-R node was a single-chip 

processor without floating-point hardware but including a switch of the network. Each node played the role of I-

structure memory and had 1.31 Mbytes of static RAM. An Omega network was used to provide 

interconnections among the nodes.  

The Node Architecture  

The internal design of the processor chip and of the node memory are shown in Fig. 9.32a. 

 The processor chip communicated with the network through a 3 x 3 crossbar switch unit . 

 The processor and its memory were interfaced with the memory control unit. The memory was used to 

hold programs (template segments) as well as tokens (operand segments, heaps, or frames) waiting to 

be  fetched.  

 The processor consisted of six component units. The input buffer was used as a token store with a 

capacity of 32 words. The fetch match unit  fetched tokens from the memory and performed tag-

matching operations among the tokens fetched in. Instructions were directly fetched from the memory 

through the memory controller.  

The heart of the processor was the execution unit  which fetched instructions until the end of a thread. 

Instructions with matching tokens were executed . Instructions could emit tokens or write to registers. 

Instructions were fetched continually using traditional sequencing  (PC + 1 or branch) until a “stop” flag was 

raised to indicate the end of a thread. Then another pair of tokens was accepted. Each instruction in a thread 

specified the two sources for the next instructions  in the thread. 
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                               Fig .9.32 a 

  

 

                               Fig .9.32 b 

The same idea was used as in Monsoon for token matching, but with different encoding. All data tokens were 

32 bits, and instruction words were 33 bits. EM-4 supported remote loads and synchronizing loads. The full 

/empty  bits present in memory words were used to synchronize remote loads associated with different threads.  
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6.4.3 The MIT/ Motorola *T Prototype 

 The *T project was a direct descendant of a series of MIT dynamic dataflow architectures  unifying 

with the von Neumann architectures.  

 In this section, we describe *T, a prototype multithreaded  MPP system based on the work of  Nlikhil, 

Papadopoulos, and Arvind of MIT in collaboration with Greiner and Traub of Motorola. 

 Finally, we compare the dataflow and von Neumann perspectives in building fine-grain, massively 

parallel systems.  

    The Prototype Architecture 

 The *T prototype was a single-address-space system. 

  A brick  of  l6 nodes was packaged in a 9-in cube (Fig. 9.33a).  

 The local network was built with 8*8 crossbar switching chips.  

 A brick had the potential to achieve 3200 MIPS or 3.2 Gflops. 

  The memory was distributed to the nodes.  

 One  gigabyte of RAM was used per brick. With 200 Mbytes/s  links, the I/O bandwidth was 6.4 

Gbytes/s per brick. 

  The 16 bricks were interconnected by four switching boards. Each board implemented a 16 X16 

crossbar switch. 

 The entire system could be packaged into a 1.5-m cube. ‘No cables were used between the boards.  

 The package was limited by connector-pin density. The  256-node machine had the potential to achieve  

50,000  MIPS or 50 Gflops. The bisection bandwidth was 50 Gbytes/s .  

 

The *T Node Design 

 

 Each node was designed to be implemented with four component units. 

 A Motorola superscalar RISC microprocessor (MCB81 10) was modified as a dataprocessor(dP). 

 This dP was optimized for long threads. Concurrent integer and floating-point operations were 

performed within each dP.  

 A synchronization coprocessor (sP) was implemented as an 88000 special-function unit (SFU), which 

was optimized for simple, short threads. Both the  dP and the sP could handle fast loads.  

 The dP handled incoming continuation, while the sP handled incoming messages, rload/rstore 

responses, and joins for messaging or synchronization purposes. In other words, the sP of  loaded 

simple message-handling tasks from the main processor . 

Thus the dP would not be disrupted by short messages. The memory controller handled requests for  remote 

memory load or store, as well as the management of node memory (64 Mbytes).  

The network interface unit  received or transmitted messages from or to the network, respectively, as illustrated 

in Fig. 9.33c. It should be noted that the sP was built as an on-chip SFU of the dP.  
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