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1. INTRODUCTION:

A great gap has existed between the cost/performance ratios of existing supercomputers and that of dedicated application-specific machines. The Blue Gene/L supercomputer was designed to address that gap by retaining the exceptional cost/performance ratio between existing supercomputer offerings and that obtained by dedicated application-specific machines. The objective was to retain the exceptional cost/performance levels achieved by application-specific machines, while generalizing the massively parallel architecture enough to enable a relatively broad class of applications. In particular Blue Gene/L is based on an embedded PowerPC processor supporting a large memory space, with standard compilers and message passing environment, albeit with significant additions and modifications to the standard PowerPC system.


Recently it has become clear that currently the only way to achieve teraFLOPS-scale computing is to use the multiplicative benefits offered by a massively parallel machine. To scale to the next level of parallelism, in which tens of thousands of processors are utilized, the traditional approach of clustering large, fast symmetric multiprocessors will be increasingly limited by power consumption and footprint constraints. For example, to house supercomputers many companies have begun constructing buildings with approximately 10x more power and cooling capacity and 2-4x more floor space than existing facilities. In addition, due to the growing gap between the processor cycle times and memory access times, the fastest available processors will typically deliver a continuously decreasing fraction of their peak performance, even when more sophisticated memory hierarchies are used.


The approach taken in Blue Gene/L is substantially different. The system is built out of a very large number of nodes, each of which has a relatively modest clock rate.

Those nodes have both low power consumption and low cost. The design point of

BG/L utilizes IBM PowerPC embedded CMOS processors, embedded DRAM, and

system-on-a-chip techniques that allow for integration of all system functions including

compute processor, communications processor, 3 cache levels, and multiple high speed

interconnection networks with sophisticated routing onto a single application specific integrated circuit. Because of a relatively modest processor cycle time, the memory is close, in terms of cycles, to the processor. This is also advantageous for power consumption, and enables construction of denser packages in which 1024 compute nodes can be placed within a single rack. In terms of performance/watt, the low-frequency, low-power, embedded IBM PowerPC core consistently outperforms high-frequency, high power microprocessors by a factor of 2 to 10.
Usage of the inter node communications network functions onto the same application specific integrated circuit and using this integrated circuit as the processors provides significant cost reduction. In this technique the need for a separate, high speed switch is eliminated. The design goals of BG/L aim for a scalable supercomputer having up to 65,536 compute nodes and target peak performance of 360 teraFLOPS with very low cost, low power (~1 MW), cooling (~300 tons) and floor space (<2,500 sq ft) requirements. However peak performance is only applicable for applications that can utilize both processors on a node for compute tasks. It is anticipated that there will be a large class of problems that will fully utilize one of the two processors in a node with messaging protocol tasks and will therefore not be able to utilize the second processor for computations. For such applications, the target peak performance is 180 teraFLOPS.

2. SYSTEM OVERVIEW:

2.1. General Architecture:
The maximum number of compute nodes assigned to a single parallel job in the scalable system BlueGene/L is 216 = 65,536. BlueGene/L is configured as a 64 x 32 x 32 three dimensional torus of compute nodes. Each node consists of a single application specific integrated circuit (ASIC) and memory. Each node can support up to 2 GB of local memory. ASIC used in the nodes is based on IBM’s system-on-a-chip technology and incorporates all of the functionality needed by BG/L. The nodes themselves are physically small and this allows a very high density of processing. The ASIC operates at a speed of 700 MHz.
The current design for BG/L system packaging is shown in Figure 1. In the design there are two nodes per compute card, 16 compute cards per node board, 16 node boards per 512-node midplane of approximate size 17”x 24”x 34,” and two midplanes in a 1024-node rack. 
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Figure 1: BlueGene/L packaging.
2.2. Processing Element:
Each processor can perform four 64 bit floating point operations per cycle. Each node contains a second processor, identical to the first and is intended primarily for handling message passing operations. Furthermore, the system provides for a flexible number of additional dual-processor I/O nodes, up to a maximum of one I/O node for every eight compute nodes. For the machine with 65,536 compute nodes, it expected to have a ratio one I/O node for every 64 compute nodes. I/O nodes use the same ASIC as the compute nodes, they have expanded external memory and gigabit Ethernet connections. Each compute node executes a lightweight kernel. The compute node kernel handles basic communication tasks and all the functions necessary for high performance scientific code. An I/O node handles communication between a compute node and other systems, including host and file servers.
2.3. Interconnection:
The nodes are interconnected through five networks: a 3D torus network for point to point messaging between compute nodes, a global combining/broadcast tree for collective operations such as MPI_Allreduce over the entire application, a global barrier and interrupt network, a Gigabit Ethernet to JTAG network for machine control, and

another Gigabit Ethernet network for connection to other systems, such as hosts and file

systems. For cost and overall system efficiency, compute nodes are not connected directly to the Gigabit Ethernet, but rather use the global tree for communicating with their I/O

nodes, while the I/O nodes use the Gigabit Ethernet to communicate to other systems.

In addition to the compute ASIC, there is a “link” ASIC. When crossing a midplane

boundary, BG/L’s torus, global combining tree and global interrupt signals pass through

the BG/L link ASIC. This ASIC serves two functions. Firstly, it conveys signals over the

cables between BG/L midplanes, improving the high-speed signal shape and amplitude in

the middle of a long, lossy trace-cable-trace connection between nodes on different

midplanes. Second, the link ASIC can redirect signals between its different ports. This

redirection function enables BG/L to be partitioned into multiple, logically separate

systems in which there is no traffic interference between systems. This also enables additional midplanes to be cabled as spares to the system and used, as needed,

in the case of failures. Each of the partitions formed through this manner has its own torus, tree and barrier networks which are isolated from all traffic from all other partitions on these

networks. System fault tolerance is a critical aspect the BlueGene/L machine.
3. NODE OVERVIEW:
In the each BG/L node ASIC there are two standard PowerPC 440 processing cores, each with a PowerPC 440 FP2 core, an enhanced “Double” 64-bit Floating-Point Unit. The structure is shown in Figure 2. The 440 is a standard 32-bit IBM microprocessor core. This superscalar core is typically used as an embedded processor in many internal and external customer applications. Since the 440 CPU core does not implement the necessary hardware to provide SMP support, the two cores are not L1 cache coherent. There is a lockbox which allowa coherent processor-to-processor communication. Each core has a small 2 KB L2 cache which is controlled by a data pre fetch engine, a fast SRAM array for communication between the two cores, an L3 cache directory and 4 MB of associated L3 cache made from embedded DRAM, an integrated external DDR memory controller, a gigabit Ethernet adapter, a JTAG interface as well as all the network link cut-through buffers and control. The L2 and L3 caches are coherent between the two cores.
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Figure 2: BlueGene/L node diagram.
In normal operating mode, one CPU/FPU pair is used for computation while the other is used for messaging. The PowerPC 440 FP2 core, shown in Figure 3, consists of a primary side and a secondary side, each of which is essentially a complete floating-point unit. Each side has its own 64-bit by 32 element register file, a double-precision computational datapath and a double-precision storage access datapath. A single common interface to the host PPC

440 processor is shared between the sides.
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Figure 3: Double FPU architecture.
The primary side is capable of executing standard PowerPC floating-point instructions. An enhanced set of instructions include those that are executed solely on the secondary side, and those that are simultaneously executed on both sides. This enhanced set includes SIMD operations. However this not classical SIMD architecture. Here, a single instruction can initiate a different yet related operation on different data, in each of the two sides. These operations are performed in lockstep with each other. Here either sides can access data from the other side’s register file. This saves a lot of swapping when working purely on real data, and it simplifies and speeds up complex-arithmetic operations. Complex data pairs can be stored at the same register address in the two register files with the real portion residing in the primary register file, and the imaginary portion residing in the secondary register file. Newly defined complex arithmetic instructions take advantage of this data organization.

A 128 bit (quadword) datapath between the PPC 440s Data Cache and the PPC 440

FP2 allows for dual data elements (either double-precision or single precision) to be

loaded or stored each cycle. The load and store instructions allow primary and secondary

data elements to be transposed, this speeds up matrix manipulations. 


The PowerPC 440 FP2 is a superscalar design supporting the computational

type instruction in parallel with a load or store instruction. Because a fused multiply-add

type instruction initiates two operations on each side, four floating-point operations can begin each cycle. In order to sustain these operations, a dual operand memory access can be initiated in parallel each cycle. The core supports single element load and store instructions such that any element, in either the primary or secondary register file, can be individually accessed. This feature is very useful when data structures in code, it means that they are in memory, do not pair operands as they are in the register files. Without it, before being moved into the register files data might have to be reorganized, which wastes valuable cycles. Data are stored internally in double precision format; when it is loaded any single precision number is automatically converted to double precision format. Moreover, when a number is stored after a single precision operation, it is converted from double to single precision, here the mantissa truncated as necessary.

Because power is a key issue in such large scale computers, the FPUs and CPUs are

designed for low power consumption. Incorporated techniques range from the use of transistors with low leakage current, to local clock gating, to the ability to put the FPU or

CPU/FPU pair to sleep. Furthermore, idle computational units are isolated from changing

data so as to avoid unnecessary toggling.

The memory system is designed for high bandwidth, low latency memory and cache accesses. An L2 hit returns in 6 to 10 processor cycles, an L3 hit in about 25 cycles, and an L3 miss in about 75 cycles. L3 misses are serviced by external memory, the system in design has a 16 byte interface to nine 256Mb SDRAM-DDR devices operating at a speed of one half or one third of the processor.  Because of the high level of integration of the BlueGene/L system-on-a-chip approach latencies and bandwidths are significantly better than those for nodes typically used in Accelerated Strategic Computing Initiative (ASCI) scale supercomputers.
4. INTERCONNECTION NETWORK:

The torus network is used for general purpose, point to point message passing and multicast operations to a selected group of nodes. The topology is a three dimensional torus constructed with point to point, serial links between routers embedded within the BlueGene/L ASICs. Therefore, each ASIC has six nearest neighbor connections, some of which may traverse relatively long cables. Here the target hardware bandwidth for each torus link is 175MB/sec in each direction.


The general structure of the torus within each node is shown in Figure 4. Packets are

injected into the network at one of the Local Injection FIFOs, and are deposited into a Local Reception FIFO upon reaching their destinations. The messaging coprocessor is responsible for injecting and removing packets to and from these FIFOs. Packets that arrive from another node are immediately forwarded if there is no contention, or stored in a waiting FIFO in the corresponding input unit until the contention clears. Arbitration is highly pipelined and distributed. In this structure each input and output unit has its own arbiter.
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Figure 4: Basic architecture of the torus router.
The torus network provides both adaptive and deterministic minimal path routing, and is deadlock free. Virtual Cut through routing is used for optimization of throughput and hardware latency. Messages can be composed of multiple packets, which are the atomic unit of routing. Therefore, adaptively routed packets from the same message can arrive out of order. Packets are variable in size, ranging from 32 bytes to 256 bytes with a granularity of 32 bytes. Here virtual channels are used to provide deadlock free adaptive routing and increase

Throughput. Because it is expected that most traffic will be adaptively routed, two adaptive virtual circuits are provided in order to reduce head of line blocking and allow for the use of simple FIFO buffers within the routers. Flow control between routers is provided by using tokens. The buffer space is sufficient to maintain full link hardware bandwidth when there is no contention.
5. TREE STRUCTURE:

Message passing on the global combining tree is done through the use of a packet

structure similar to that of the torus network. The tree network is a token based network

with two Virtual Circuits. Packets are non blocking across VCs. It is possible to flexibly control the operation of the tree by setting programmable control registers. Packets going up towards the root of the tree can be either point to point or combining. Point to point

packets are used, when a compute node needs to communicate with its I/O node. The combining packets are used to support MPI collective operations, across all the nodes connected to the tree. All packets coming down the tree are broadcast further down

the tree according to the control registers and received upon reaching their destination.

The packet is received at each node for collective operations. The tree module is equipped with an integer ALU for combining incoming packets and forwarding the resulting packet. Packets can be combined using bit-wise operations such as XOR or integer operations such as ADD/MAX for a variety of data widths. To do a floating point sum reduction on the tree requires potentially two round trips on the tree. In the first trip each processor submits the exponents for a max reduction. In the second trip, the mantissas are appropriately shifted to correspond to the common exponent as computed on the first trip and then fed into the tree for an integer sum reduction. Alternatively, double precision floating point operations can be performed by converting the floating point numbers to their 2048-bit integer representations, thus requiring only a single pass through the tree network. A separate set of wires based on asynchronous logic form another tree that enables fast

signaling of global interrupts and barriers.

6. SIGNALING:

The BG/L torus interconnect, and the BG/L tree described above, rely on serial

communication. A common system wide clock at the frequency of the processor is used

to provide a reference for sending and receiving data. Data are driven on both clock edges

from a differential, two bit pre compensating driver designed to overcome the ~10 decibel of loss on the 8 meter differential cables and connectors. Data are captured by over sampling using a string of time delayed latches, the location of the data bit is computed by a background state machine that monitors false transitions and tracks changes in arrival or sampling times. To reduce power and allow for minimum silicon delay, a variable delay line after the driver is auto configured at power on to optimize the location of the sampled datum in the instrumented delay line. Features such as byte serial/deserializing, parity and CRC generation and checking, message retry, and checksums for error localization are all provided by the hardware.

7. EXAMPLE APPLICATOIN: PROTEIN FOLDING:
One of the motivations for the use of massive computational power in the study of 

protein folding and dynamics is to obtain a microscopic view of the thermodynamics and 

kinetics of the folding process.  Being able to simulate longer and longer time-scales is 

the key challenge. Thus the focus for application scalability is on improving the speed of 

execution for a fixed size system by utilizing additional CPUs. Efficient domain 

decomposition and utilization of the high performance interconnect networks on BG/L 

(both torus and tree) are the keys to maximizing application scalability.

8. CONCLUSION:

The Blue Gene/L supercomputer was designed to dramatically improve cost/performance for a relatively broad class of applications with good scaling behavior. At a given cost, such applications achieve a dramatic increase in computing power through parallelism. The machine supports the needs of parallel applications, especially in the areas of floating point, memory, and networking performance. Compared with other supercomputers, BG/L has

significantly lower cost in terms of power, space, and service, while doing no worse in terms of application development cost. The high level of integration reduced cost by reducing the overall system size, power, and complexity, and was achieved by using System on Chip technology. This technology provided two main benefits. First, all of the functionality of a node was contained within a single ASIC chip plus some external commodity DDR memory chips. The functionality includes high performance memory, networking, and floating point

operations. Second, it is claimed that the PowerPC 440 embedded processor that is used has a dramatically beter performance per watt than typical supercomputer processors. The future promises more and more applications using algorithms that allow them to scale to high node counts. This requires nodes to be connected with a sufficiently powerful network. Low latency communication becomes especially important as the problem size per node

decreases and/or as node frequency increases. If such networks can be provided, users will care less about absolute performance of a node and care more about cost/performance. Thus, if sufficiently powerful networks can be provided, scalable applications will be met by supercomputers offering more and more nodes. Blue Gene/L provides clear example of a power efficient design approach. Because of future technology scaling limitations, systems similar to Blue Gene/L are likely to become commonplace and are likely to replace the conventional approach toward supercomputing based on power inefficient, high performance nodes.
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