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One of the fundamental questions in astronomy is, “How do stars and their planetary systems form?” We assume that our own system is representative, and we study in detail our neighboring planets and the left-over debris. The arrangement of the major planets puts constraints on formation timescales and gas to dust ratios and is of interest for determining how common habitable planets might be. The minor planets also provide clues to the dynamical processes during and following accretion. Our own planetary system is no longer the only one known, and this has substantially changed our ideas about planetary formation.
The asteroids and comets, while not pristine, are certainly less processed than the planets. Detailed studies of the asteroids, both those in the main belt between Mars and Jupiter and those in planet-crossing orbits near the Earth, have revealed surprising evidence of dynamical evolution and processes that have not yet been incorporated into accretion models. Just as the discovery and structure of the Kuiper belt beyond Neptune has rewritten the evolution of the outer solar system (e.g. Tsiganis et al. 2005), the detailed dynamics of the near-Earth asteroids has added new insights into our understanding of collisions among kilometer-sized bodies. The notion of planetesimals gently bumping one another and gradually building into planets must be replaced by a much more complex picture. Radiation forces, including Yarkovsky and YORP spin-up and spin-down, play an important role in that they modify the orbits and spin rates of km-sized and smaller objects in the modern asteroid belt and terrestrial planet region (e.g. Bottke et al., 2006). These radiation forces were probably also an important factor during accretion, though how they competed with gas drag has not been studied. No models have included this effect that is critical in shaping the remnants in our own Solar System. Now that other planetary systems are also being discovered, some radically different than our own, a whole new set of boundary conditions exists for planet formation. We are poised to make great progress in this area, and continued study of our own system may still have many surprises to offer.
Modeling studies of accretion and planetary formation usually study one of two regimes. Initial accretion of gas and dust to form macroscopic objects can be studied using continuum models and sector models with fairly detailed physics. Final formation of planets from embryos in the purely gravitational regime is typically done as a many-body integration. Numerical limitations limit the former to cm-m scales and smaller, and the latter to km scales and larger. The path from marbles to mountains is not easily modeled without using semi-analytic methods that require unknown parameters. The problems are both computational (too many particles) and physical (too many poorly understood forces). These parameters must be determined empirically, by observation.
Asteroids represent the leftover objects at the scales where planet formation modeling begins. They have had time to evolve since the era of planet formation but, with the exception of gas drag, there is no reason to believe that the processes that formed them have changed. Thus we expected the population of asteroids to be the outcome of the collisional and accretional processes from the early stages of the solar system. Observational evidence, however, shows a different scenario. Using ground-based radar imaging, we find that a wide range of structures exists, from monolithic rapidly rotating objects to strengthless spheroidal objects, both in similar size ranges from a hundred meters to a kilometer in diameter. We do find irregular collisional remnants of bigger rocky bodies, but not all asteroids look like this. Radar imaging gives us detailed pictures, equivalent to a fly-by mission at one ten-thousandth the cost, of up to 25 objects per year. We are building a picture of the population, and it is extremely diverse (Nolan et al., 2006). 
As an example, about one quarter of the near-Earth objects are either binary, or double-lobed, suggesting a binary system that either did not fully separate or that re-accreted at some later time (Benner et al. 2008). The orbital characteristics of these systems reveals that their formation must be from spin-up due to radiation forces, such as YORP (e.g. Pravec and Harris, 2007 and refs therein). The study of near-Earth binary asteroid systems using radar reveals the sizes of the components, mass, and therefore the density of the primary. The densities reveal that these objects are extremely porous, possibly on both a macro and micro scales (Britt and Consolmagno, 2003). This same process seems to form binary systems in the main asteroid belt among objects of similar sizes. However, binary systems observed in the distant Kuiper belt cannot have formed in this same way, because they are too widely separated. Collisional binaries also form in the main belt, when debris from an impact re-accretes to form a satellite. These systems may be present in the Kuiper belt as well, but they do not comprise a large fraction of near-Earth binaries. The first near-Earth triple asteroid system was discovered in February 2008, and it is not yet known how many such systems exist. Multiple systems are known in other regions of the solar system, but the formation mechanisms may vary among objects of different sizes or residing in different dynamical environments.
As yet, these new discoveries have not been incorporated into formation models. Where once we thought that Jupiter-like planets would naturally form at the distance from a star where water would condense, and represent a natural bulge in the mass available in the disk, we now have many counter-examples. Extrasolar Jupiter-like planets range from a small fraction of an AU to tens of AU from their central star. A much wider variety of outcomes is possible than was even imagined when our own system was the only example at hand. More sophisticated formation models are warranted, now that we have a better understanding of the processes at work, and of the range of final states. However, it is critical to understand the mechanics and outcomes of collisions among rocks of meter to kilometer sizes. These experiments are difficult to do in a laboratory, although some are planned soon for meter-sized rocks. Observations of the remnants of collisions in the asteroid belt are starting to reveal these details at size ranges beyond our reach in a laboratory. Numerical simulations have traced fragments back to their impact point to identify catastrophic disruption events (Nesvorný et al. 2006, Nesvorný and Vokrouhlický 2006). Large bodies are almost certainly pre-shattered, and may be effectively stronger against collisional disruption than a monolithic rock of equal size. This is because the shock wave from the collision is not transmitted as efficiently through shattered material as it would be through a coherent rock. Above some size, all remaining asteroids will have been shattered during their lifetimes. 
More evidence is pointing to considerable radial mixing in the early solar nebula (e.g. Bottke et al., 2007). However, we do see a compositional gradient in the main asteroid belt, so the mixing was not complete enough to erase what is thought to be this primordial signature. Different compositions may have different mechanical properties, responding differently to collisional processing. We observe that near-Earth asteroid binary systems form from many different spectral types of bodies, so composition does not seem to be a limiting factor. Strengthless gravel piles seemingly form from all the different sorts of rock that we find among the near-Earth objects (Howell et al. 2008). The dependence of strength on size may vary for different types of asteroids. However, predictions of large changes of asteroid composition with size have not yet been observationally confirmed. The idea that ordinary chondrites are fragile, and hence that all objects below some size will be fragments of ordinary chondrites, has not been observed to date (Bell et al., 1989). However, some meteorites at the 10-cm scale still do not match the presumed parent asteroid distribution in expected ways. New radar imaging observations in the coming decade are poised to make discoveries among the smaller sized objects that may radically change our notions again of what these objects look like and how they interact with one another, though at present the future of the radar facilities is uncertain due to funding limitations. Theory almost never anticipates observations correctly. However, observations are useless without a theory that puts them into proper perspective. We are poised to make major advances to further our understanding of planetary systems and their formation, and thus gain new insight into the origin of the Earth.
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